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ABSTRACT
Z i n c  o x i d e  h a s  b e e n  p r o p o s e d  a s  a s u l f u r  a c c e p t o r  f o r  a c o a l -  
f u e l e d  combined  gas  and s t e a m  (OOGAS) e l e c t r i c a l  g e n e r a t i o n  s y s t e m .  
The  r e a c t i o n s  b e tw e e n  ZnO and t h e  tw o  p r i m a r y  s u l f u r  s p e c i e s  o f  a 
COGAS t y p e  s y s t e m ,  H#S and COS, w e re  t h e  s u b j e c t s  o f  t h i s  s t u d y .
The  f o l l o w i n g  s t o i c h i o m e t r i e s  were v e r i f i e d  by  x - r a y  d i f f r a c t i o n  and 
m ass  change  a n a l y s i s *
Ha S ( g ) + ZnO(s ) -  HaO(g ) + Z n S (s )
COS(g) + ZnO( s ) -  C0a ( g ) + ZnS{s )
The r e a c t i o n s  were  s t u d i e d  u s i n g  a m o d i f i e d  t h e r m o g r a v i m e t r i c
a n a l y z e r .  K i n e t i c  d a t a  f o r  t h e  H3 S/ZnO r e a c t i o n  w ere  o b t a i n e d  w i t h
r e a g e n t  g r a d e  ZnO pow der ,  a c o m n e r c i a l  g r a d e  po w d er ,  and c o m m e r c i a l l y  
a v a i l a b l e  ZnO s p h e r e s .  K i n e t i c  d a t a  f o r  t h e  COS/ZnO r e a c t i o n  and 
f o r  t h e  combined  r e a c t i o n s  o f  Ha S and COS w i t h  ZnO were  o b t a i n e d  w i t h  
ZnO s p h e r e s  o n l y .  I t  was n e c e s s a r y  t o  add e i t h e r  Ha o r  CO and C0a 
t o  t h e  r e a c t i o n  s y s t e m s  i n  o r d e r  t o  p r e v e n t  d e c o m p o s i t i o n  o f  t h e  
r e a c t a n t  g a s .  The t e m p e r a t u r e  r a n g e  i n v e s t i g a t e d  was from 325°  t o  
d l4 °C  and t h e  c o n c e n t r a t i o n  o f  t h e  s u l f u r  g a s  s p e c i e s  was v a r i e d  
from one t o  e i g h t  mole  p e r c e n t .  T o t a l  p r e s s u r e  was one  a tm o s p h e re  
i n  a l l  c a s e s .  The k i n e t i c  d a t a  was m a t h e m a t i c a l l y  mode led  by t h e  
u n r e a c t e d  c o r e ,  v o l u m e t r i c ,  and g r a i n  g a s - s o l i d  r e a c t i o n  m o d e l s .
*  * *- x n i -
A l th o u g h  t h e  r e a c t i o n s  were  r a p i d  and became i n t e r n a l  d i f f u s i o n  
c o n t r o l l e d  b e tw een  4 0 0 °  and 500°C ,  ZnO i s  p r o b a b l y  o n l y  o f  l i m i t e d  
v a l u e  a s  a s u l f u r  a c c e p t o r  i n  a COGAS-type p r o c e s s .  The r e a s o n s  
f o r  t h i s  a re«  ( l )  Below 600°C ,  c o m p le t e  c o n v e r s i o n  t o  ZnS c a n n o t  
be  o b t a i n e d .  (2)  Z i n c  o x i d e  b e g i n s  t o  decompose  t o  Zn v a p o r  and 0 a 
b e tw ee n  70 0 °  and 800°C. (3 )  E v i d e n c e  o f  s i n t e r i n g  was found above 
500°C.
In  t h e  m a t h e m a t i c a l  m o d e l in g  i t  was found  t h a t  t h e  s im p le  u n r e a c t e d  
c o r e  model d e s c r i b e d  t h e  r e a c t i o n s  a s  w e l l  o r  b e t t e r  t h a n  t h e  two more 
complex  m o d e l s .  However,  o n l y  t h e  g r a i n  model seems t o  have  t h e  
p o t e n t i a l  t o  e x p l a i n  t h e  p r o b le m s  o f  i n c o m p l e t e  c o n v e r s i o n  e x p e r i e n c e d  
be low 600°C.
- x i v -
CHAPTER I
INTRODUCTION
One o f  t h e  m os t  i m p o r t a n t  p r o b le m s  f a c i n g  A m erican  t e c h n o l o g y  
t o d a y  i s  t o  s a t i s f y  o u r  n a t i o n ' s  demand f o r  e n e r g y  w i t h o u t  s a c r i f i c i n g  
o u r  n a t i o n a l  s e c u r i t y  o r  o u r  e n v i r o n m e n t a l  s t a n d a r d s .  D e s p i t e  t h e  
i n c r e a s e d  e m p h a s i s  o n  e n e r g y  c o n s e r v a t i o n  s i n c e  t h e  O c t o b e r ,  1973 ,  o i l  
e m b a r g o ,  a s p e c i a l  t a s k  f o r c e  o f  t h e  N a t i o n a l  Academy o f  E n g i n e e r i n g  ( l )  
h a s  r e p o r t e d  t h a t  t h e  demand f o r  e n e r g y  i n  t h i s  c o u n t r y  w i l l  c o n t i n u e  
t o  g row f o r  many y e a r s .
Much o f  t h i s  i n c r e a s e d  demand w i l l  be f o r  e l e c t r i c  power f o r  which 
t h e  o n l y  a v a i l a b l e  f o s s i l  f u e l  i s  c o a l - - m u c h  o f  i t  h i g h  s u l f u r .  I n  
1970 t h e  e l e c t r i c a l  power g e n e r a t i o n  p l a n t s  e m i t t e d  20 m i l l i o n  t o n s  
o f  s u l f u r  d i o x i d e  ( 2 ) .  I n  o r d e r  t o  m ee t  t h e  p r o j e c t e d  demand f o r  
e l e c t r i c a l  e n e r g y ,  i t  h a s  b e e n  e s t i m a t e d ,  e v e n  a s s u m in g  t h e  t i m e l y  
c o m n e r c i a l  a v a i l a b i l i t y  o f  t h e  b r e e d e r  r e a c t o r ,  t h a t  t h e  c o n v e n t i o n a l  
f o s s i l  f u e l  e l e c t r i c  g e n e r a t i n g  f a c i l i t i e s  w i l l  have  an u n c o n t r o l  l e d  
s u l f u r  d i o x i d e  e m i s s i o n  r a t e  o f  o v e r  90 m i l l i o n  t o n s  p e r  y e a r  by  
t h e  y e a r  2000  ( 2 ) .
F o u r  b r o a d  a p p r o a c h e s  a r e  b e i n g  c o n s i d e r e d  t o  lo w er  t h e  s u l f u r  
e m i s s i o n s  t o  a more a c c e p t a b l e  l e v e l *  ( 1 ) t h e  u s e  o f  low s u l f u r  
f u e l s ,  ( 2 ) r e m o v in g  s u l f u r  c o n t a i n i n g - c o m p o u n d s  a f t e r  c o m b u s t io n  b u t  
b e f o r e  e m i s s i o n  i n t o  t h e  a tm o s p h e re  ( s t a c k  g a s  c l e a n u p ) ,  ( 3 )  removing  
s u l f u r  d u r i n g  c o m b u s t i o n ,  and ( 4 )  r em o v in g  s u l f u r  p r i o r  t o  c o m b u s t io n .
1
2Low Sulfur FubI b
The  u se  o f  low s u l f u r  f u e l s  d o e s  n o t  seem t o  be a p r a c t i c a l  lo n g  
t e r m  s o l u t i o n  t o  t h e  p rob lem* N a t u r a l  g a s  s u p p l i e s  a r e  f a i l i n g  t o  
m ee t  c u r r e n t  demands and w i l l  p r o b a b l y  n o t  be  u s e d  t o  any a p p r e c i a b l e  
e x t e n t  f o r  power g e n e r a t i o n  o r  a s  an i n d u s t r i a l  b o i l e r  f u e l  i n  t h e  
f u t u r e *  Low s u l f u r  c o a l  i s  p l e n t i f u l ,  b u t  i s  p r i m a r i l y  l o c a t e d  i n  
t h e  West.  The  p ro b le m  o f  moving w e s t e r n  c o a l  t o  m a r k e t s  i n  t h e  E a s t  
i s  f o r m i d a b l e  ( 1 , 3 ) .  The c o s t s  o f  h a u l i n g  c o a l  o v e r l a n d  f o r  g r e a t  
d i s t a n c e s  a r e  l a r g e .  Even i f  t h e  e x p e n s e  were n o t  t o o  g r e a t ,  t h e  
e x i s t i n g  r a i l r o a d  t r a c k a g e  i s  i n a d e q u a t e  t o  m ee t  t h e  demand ( 1 , 3 ) .
Stack Gas Cleanup
Many d i f f e r e n t  m e th o d s  o f  s t a c k  g a s  c l e a n u p  a r e  b e i n g  d e v e l o p e d  
( 4 ,  j , 6 , 7 , 8 , 9 , 1 0 ) .  T h e s e  a r e  g e n e r a l l y  " a d d - o n "  p r o c e s s e s  and w i l l  
p r o b a b l y  see  u s e  i n  e x i s t i n g  and p l a n n e d  f o s s i l - f u e l e d  power s t a t i o n s .
W hether  o r  n o t  any  o f  t h e s e  m e thods  a r e  c o m m e r c i a l l y  p r o v e n  i s
t h e  s u b j e c t  o f  much d e b a t e  i n  t h e  i n d u s t r y .  The  E n v i r o n m e n t a l  P r o ­
t e c t i o n  Agency, a few s m a l l  e l e c t r i c a l  c o m p a n i e s ,  and some e q u ip m e n t  
v e n d e r s  ( 4 , 5 , 6 , 7) m a i n t a i n  t h a t  t e c h n o l o g y  h a s  b e e n  p r o v e n  and t h a t  
t h e  p r o b le m s  e n c o u n t e r e d  c a n  be o v e rcom e.  S e v e r a l  l a r g e  e l e c t r i c a l  
c o m p a n i e s ,  i n c l u d i n g  t h e  g o v e r n m e n t ' s  own T e n n e s s e e  V a l l e y  A u t h o r i t y  ( 9 ) ,  
a s  w e l l  a s  a N a t i o n a l  Academy o f  E n g i n e e r i n g  T a s k  F o r c e  on E n e rg y  ( l )  
c o n t e n d  t h a t  s t a c k  g a s  s c r u b b i n g  f o r  s u l f u r  d i o x i d e  rem ova l  i s  n o t  a 
p r o v e n  t e c h n o l o g y .  " D e s p i t e  ' e x t e n s i v e '  r e s e a r c h  on i t s  own and w i t h
EPA, , ,  . TVA b e l i e v e s  t h a t  no c h e m i c a l  s c r u b b i n g  s y s t e m  i s  y e t  r e a d y
f o r  f u l l - s c a l e  o p e r a t i o n  ( 8 ) . "
3S t a c k  g a s  s c r u b b i n g  s y s t e m s  w i l l  be  r e l a t i v e l y  e x p e n s i v e  b e c a u s e  
o f  i n c r e a s e d  o p e r a t i n g  c o s t s  and  a d d i t i o n a l  c a p i t a l  r e q u i r e d  f o r  e q u i p ­
ment which  t r e a t s  l a r g e  v o lu m e s  o f  g a s .  T hey  w i l l  a l s o  h a v e  a p a r a s i t i c  
d r a i n  o f  from t o  1096 o f  t h e  power  g e n e r a t e d  and  t h u s  d e c r e a s e  s t a ­
t i o n  e f f i c i e n c y  ( 1 1 ) .  A n o th e r  p ro b le m  a s s o c i a t e d  w i t h  s t a c k  g a s  
c l e a n u p  i s  t h a t  many o f  t h e  m o s t  p r o m i s i n g  p r o c e s s e s  a r e  n o n r e g e n e r a -  
t i v e  w e t - s c r u b b i n g  s y s t e m s  and t h e s e  have  i n h e r e n t  w a t e r  p o l l u t i o n  and 
s l u d g e  d i s p o s a l  p r o b l e m s .
Removal D u r in g  C om bus t ion
I n j e c t i n g  l im e  o r  l i m e s t o n e  a lo n g  w i t h  f u e l  i n t o  t h e  c o m b u s t io n  
chamber  t o  a b s o r b  t h e  s u l f u r  a s  c a l c i u m  s u l f a t e  d u r i n g  c o m b u s t io n  
seemed a t  f i r s t  t o  be  an  e a s y  s o l u t i o n .  I t  s i m p l y  h a s  n o t  worked ( 1 2 ) .  
C a l c iu m  s u l f a t e  h a s  a  l a r g e r  m o l e c u l a r  volume t h a n  e i t h e r  l im e  o r  l i m e ­
s t o n e  and t h e  i n i t i a l  p r o d u c t  l a y e r  s e a l s  o f f  t h e  i n t e r i o r  o f  t h e  l im e  
o r  l i m e s t o n e .  T h i s  p r e v e n t s  any  f u r t h e r  r e a c t i o n  t o  c a p t u r e  s u l f u r  
d i o x i d e .
A n o th e r  s y s te m  s i m i l a r  t o  t h e  one o u t l i n e d  above i s  f l u i d i z e d  
b ed  c o m b u s t i o n .  I n  f l u i d i z e d  bed  c o m b u s t io n  a m a t e r i a l ,  such  a s  l i m e ­
s t o n e ,  i s  f l u i d i z e d  by  c o m b u s t io n  a i r  and by  f l u e  g a s e s  r e s u l t i n g  from 
t h e  c o m b u s t io n  o f  c o a l .  The l i m e s t o n e  r e a c t s  t o  remove t h e  SOa i n  
t h e  f l u e  g a s .
U n l e s s  a method f o r  t h e  r e g e n e r a t i o n  o f  t h e  l i m e s t o n e  i s  d e v e l o p e d ,  
t h i s  s y s t e m  w i l l  h a v e  a r a t h e r  l a r g e  s o l i d  w a s t e  d i s p o s a l  p ro b le m .  I t  
w i l l  a l s o  r e q u i r e  t h e  d e v e lo p m e n t  o f  new s team  b o i l e r  t e c h n o l o g y  ( l ) .
Due to  the problems associated with tho othor approaches to  
d esu lfurlsatlon  o f fu e ls ,  on increasing amphaala la  being placad on 
deaulfurlzlng fuola baforo combustion. Numerous widaly d iffaring  
mathod* o f accomplishing praconbuatlon daaulfurlration ara undar atudy.
Varloua procaaaaa which would convart coal Into a liqu id  fual ara 
being inveatigatad (1 ,1 2 ,1 3 ,1 4 ,1 5 ). In thaaa procaaaaa coal la  gen- 
a ra lly  dlaaolved and hydroganatad at high temperatures and pressures.
Dapending on tha raactlon condltlona and tha praaanca of a catalyat 
tha f in a l product w ill  ba a lthar a aynthatlc cruda o i l  or a high
v o la t i l i t y  coa l. Tha aulfur would ba removed from tha fual by a
method resembling tha hydrodesulfurlzation of raaidual o i l .  Tha pub* 
liahed coat eetlmatea for procaaaaa o f th la  general type are uaually  
high (12).
Other procaaaaa balng investigated  would convert coal into a 
gaaeoua fual (1 ,1 2 ,1 3 ,1 4 ). In these procaaaaa coal la  usually  reacted 
with an oxidizing agent and steam. Depending on reaction conditions 
and whether the oxid izing agent i s  a ir  or oxygen the product w ill be 
althar a low Btu gas or a medium Btu gas* Tha medium Btu gas may be 
upgraded to a high Btu gas by the addition of e ith er  a methanation or 
a gaseous separation step . The sulfur in the coal would be converted 
to  H»S during g a sifica tio n  and removed from the gas before combustion.
A g a s if ica tio n  process of particular sign ificance to th is  research
has been proposed. This process would desulfurize the fuel in equip*
merit ancillary  to power generation. I t  involves the use of low Btu 
gasified  coal as a feed to  a combined cycle power plant. A schematic
5o f  t h i s  combined  g a s - s t e a m  t u r b i n e  (OOGAS) p r o c e s s  i s  shown i n  F i g u r e  I - l .  
A low B tu  g a s  o f  front 150 t o  200 B tu /SCF would e x i t  t h e  g a s i f i e r  a t  a 
p r e s s u r e  o f  a b o u t  20  a tm  and a t  t e m p e r a t u r e s  a s  h i g h  a s  2200°F ( 1 6 , 1 7 ) .
The f u e l  g a s  would be  d e s u l f u r i z e d  and e x p an d e d  t h r o u g h  an  u n f i r e d  
e x p a n d e r  t u r b i n e *  which  w i l l  f u r n i s h  t h e  e n e r g y  n e c e s s a r y  f o r  a i r  com­
p r e s s i o n ,  p r o d u c e  e l e c t r i c i t y *  and r e d u c e  t h e  p r e s s u r e  o f  t h e  f u e l  g a s .
The  g a s  w i l l  t h e n  b e  f i r e d  i n  a b o i l e r  t o  r a i s e  s team  w hich  w i l l ,  i n  
t u r n ,  be  u sed  i n  a s team  t u r b i n e  t o  g e n e r a t e  e l e c t r i c i t y .
The  OOGAS s y s te m  h a s  many a d v a n t a g e s  o v e r  t h e  c o n v e n t i o n a l  s tea m  
power  s y s te m  i n c l u d i n g *  ( l )  O n ly  a r e l a t i v e l y  s m a l l  volume o f  g a s  m us t  
be  d e s u l f u r i z e d .  G a s i f i c a t i o n  u s e s  l e s s  t h a n  s t o i c h i o m e t r i c  a i r  and 
g e n e r a l l y  t h e  p r e s s u r e  i s  a b o u t  20 atm ( 1 6 , 1 7 ) .  ( 2 )  T h e r e  a r e  known
c o m m e rc ia l  p r o c e s s e s  f o r  r e m o v in g  Ha S, t h e  p r e d o m i n a n t  s u l f u r - c o n t a i n ­
i n g  compound p r o d u c e d  d u r i n g  g a s i f i c a t i o n  ( 1 8 ) .  ( 3 )  P r e l i m i n a r y
e v a l u a t i o n s  i n d i c a t e  t h a t  n i t r o g e n  o x i d e  e m i s s i o n s  from a g a s  t u r b i n e  
c a n  b e  b r o u g h t  t o  l e s s  t h a n  one p a r t  p e r  m i l l i o n  u s i n g  a l e a n  f u e l  g a s .
T h e  f lam e  t e m p e r a t u r e  f o r  a l e a n  g a s  i s  s e v e r a l  h u n d r e d  d e g r e e s  l o w e r  
t h a n  f o r  a r i c h  f u e l  and t h e  N0X i s  c o r r e s p o n d i n g l y  r e d u c e d  ( 1 2 ) .
( 4 )  P a r t i c u l a t e  e m i s s i o n s  from OOGAS s t a t i o n s  w i l l  be  p r a c t i c a l l y  
n o n e x i s t e n t  s i n c e  p a r t i c u l a t e s  w i l l  be  e i t h e r  s c r u b b e d  o r  f i l t e r e d  
f rom  t h e  sy s tem  p r i o r  t o  e n t r y  i n t o  t h e  e x p a n d e r  t u r b i n e  ( 1 2 * 1 7 ) ,
( 5 )  S t a t i o n  e f f i c i e n c i e s  f o r  COGAS s y s t e m s  may a p p r o a c h  b9% by  t h e  
end  o f  t h e  c e n t u r y  ( 1 6 ) .  ( 6 ) E l e c t r i c i t y  g e n e r a t e d  by  t h i s  p r o c e s s
w i l l  be  i n  an  e c o n o m i c a l l y  c o m p e t i t i v e  p o s i t i o n  compared  t o  t h a t  
g e n e r a t e d  by  c o n v e n t i o n a l  means and u s i n g  c t i c k  g a s  s c r u b b i n g  t o  
remove t h e  s u l f u r  ( 1 1 ) .  ( 7 )  The  g r e a t e r  s t a t i o n  e f f i c i e n c i e s  r e d u c e
t h e  q u a n t i t y  o f  h e a t  which  m u s t  be r e j e c t e d  t o  c o o l i n g  w a t e r  o r  t h e
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F i g u r e  1 -1 .  T y p i c a l  COGAS D e s ig n  ( 1 1 ) .
O'
7a t m o s p h e r e .  T h i s  w i l l  s h a r p l y  r e d u c e  t h e  t h e r m a l  p o l l u t i o n  p rob lem  
o f  s team  s t a t i o n s .
S i n c e  t h e  f u e l  g a s  e x i t i n g  from ad v an ced  g a s i f i e r s  c o n t a i n s  f rom  
15 t o  20% o f  t h e  h e a t i n g  v a l u e  o f  t h e  c o a l  a s  s e n s i b l e  h e a t ,  i t  i s  
d e s i r a b l e  t h a t  a s  much o f  t h i s  h e a t  be u t i l i z e d  a s  i s  e c o n o m i c a l l y  
p o s s i b l e .  From an  e f f i c i e n c y  s t a n d p o i n t  i t  i s  a d v a n t a g e o u s  t o  k e ep  
t h a t  s e n s i b l e  h e a t  i n  t h e  f u e l  g a s  r a t h e r  t h a n  u s e  an e x p e n s i v e  h e a t  
e x c h a n g e r  t o  u t i l i z e  i t  e l s e w h e r e .  T h i s  i s  b e c a u s e  t u r b i n e  e f f i c i e n c y  
i n c r e a s e s  w i t h  h i g h e r  g a s  i n l e t  t e m p e r a t u r e s .
D e s u l f u r i z a t i o n  i n  t h e  OOGAS s y s te m  c a n  be  c a r r i e d  o u t  e i t h e r  by 
a l i q u i d  s c r u b b i n g  p r o c e s s  o r  a d r y  a c c e p t o r  p r o c e s s .  T h e r e  have  b e e n  
a number o f  l i q u i d  s c r u b b i n g  p r o c e s s e s  d e v e l o p e d  by  t h e  n a t u r a l  g a s  
and  r e f i n i n g  i n d u s t r i e s  d u r i n g  t h e  l a s t  30 y e a r s .  T h e s e  p r o c e s s e s  
r e p r e s e n t  a w e l l  docum en ted  t e c h n o l o g y  and a r e  g e n e r a l l y  v e r y  e f f i c i e n t  
i n  r em o v in g  H#S from n a t u r a l  and r e f i n e r y  g a s .  T h e y  s u f f e r  t h e  d i s ­
a d v a n t a g e  o f  b e i n g  low t e m p e r a t u r e  p r o c e s s e s  and  t h e r e f o r e  r e q u i r e  
t h a t  t h e  g a s i f i e d  f u e l  g a s  be  c o o l e d  p r i o r  t o  s u l f u r  r e m o v a l .  Of t h e s e  
known p r o c e s s e s ,  t h e  h o t - p o t a s s i u m  c a r b o n a t e  p r o c e s s  seems t o  be t h e  
one  b e s t  s u i t e d  f o r  t h e  d e s u l f u r i z a t i o n  s t e p  o f  a OOGAS s y s te m  ( 1 7 ) .
A d r y  a c c e p t o r  p r o c e s s  c o u l d  o p e r a t e  a t  e l e v a t e d  t e m p e r a t u r e  
t h u s  e l i m i n a t i n g  c a p i t a l  c h a r g e s  f o r  t h e  h e a t  t r a n s f e r  e q u ip m e n t  and  
t h e  s u b s e q u e n t  l o s s  o f  e f f i c i e n c y  i n  power  g e n e r a t i o n .  B o th  f e r r i c  
o x i d e  ( 1 7 , 1 9 , 2 0 , 2 1 )  and c a l c i n e d  o r  h a l f - c a l c i n e d  d o l o m i t e  ( 1 7 , 2 2 , 2 3 , 2 4 )  
have  r e c e i v e d  c o n s i d e r a b l e  a t t e n t i o n  a s  p o t e n t i a l  s u l f u r  a c c e p t o r s  f o r  
a d r y  p r o c e s s  u s e d  t o  t r e a t  e i t h e r  g a s i f i e d  c o a l  o r  c o k e - o v e n  g a s .  The 
r e a c t i o n s  o f  f e r r i c  o x i d e  w i t h  HgS and CDS, t h e  two p r i m a r y  s u l f u r
8c o n t a i n i n g  com pounds, in  a g a s i f i e d  c o a l  stream  are  b e l i e v e d  t o  be ( 17 ) *
Fea 0 3 ( s )  + 3Ha S(g )  -  FeS • FeSa ( s )  + 3Ha 0 (g )  ( 1 - 1 )
FeaOa ( s j + ^ ^ ( g )  * ^e ^ s ( s )  + 300a(g)  * ( l - 2)
However B randon  (2 1 )  found t h e  r e a c t i o n  o f  i r o n  o x i d e  and Ha S t o  be
Fea 0 3 { s )  + 4Ha S( g )  -  2FeSa { s )  + 3Ha0 (g)  + Ha { g )  ( 1 - 3 )
i n  a HgS/Na a t m o s p h e r e .
The r e a c t i o n s  f o r  c a l c i n e d  d o l o m i t e  a r e  ( 1 7 ) :
CaO • MgO(s ) + Ha S{ ) -  CaS . MgO(s ) + Ha0 ( g ) ( 1 -4 )
CaO • Hg 0 ( s ) + ° ° s (g)  "* CaS * m9 ° ( s ) + ° ° a ( g )  • ( I - S )
H a l f  c a l c i n e d  d o l o m i t e  (CaOOa *Mc£i) i s  t h e  s u l f u r  a c c e p t o r  u sed  i n  a 
p r o c e s s  C o n s o l i d a t i o n  Coal Company (24)  i s  d e v e l o p i n g .  The r e a c t i o n s  
o f  s u l f u r  compounds w i t h  h a l f  c a l c i n e d  d o l o m i t e  a r e  s i m i l a r  t o  t h e  
r e a c t i o n s  w i t h  f u l l y  c a l c i n e d  d o l o m i t e .  Both  f e r r i c  o x i d e  and d o l o m i t e  
can  be r e g e n e r a t e d  from t h e i r  s u l f i d e  fo r m s .
Z in c  o x i d e  i s  a n o t h e r  p o t e n t i a l  s u l f u r  a c c e p t o r .  I t  h a s  b e en  
u s e d  t o  d e s u l f u r i z e  h y d r o c a r b o n  g a s e s  p r i o r  t o  t h e  f o r m a t i o n  o f  
s y n t h e s i s  g a s  i n  t h e  m a n u f a c t u r e  o f  ammonia. I t  i s  e f f e c t i v e  i n  
r em o v in g  Ha S, COS, CSa , and m e r c a p t a n s  ( 2b,:?6 ) .  Z i n c  o x i d e  ' ' as  a l s o
9b e e n  recommended o v e r  i r o n  o x i d e  f o r  b u l k  s u l f u r  r e m o v a l  f o r  s u b s t i t u t e  
n a t u r a l  g a s  p r o c e s s e s  ( 2 7 ) .  T h e  r e a s o n s  g i v e n  f o r  t h e  r e c o m m en d a t io n  
w ere  t h a t  t h e  e q u i l i b r i u m  c o n v e r s i o n  o f  h y d r o g e n  s u l f i d e  t o  w a t e r  
v a p o r  i s  b e t t e r  f o r  z i n c  o x id e  and t h a t  d u r i n g  u p s e t  c o n d i t i o n s ,  when 
t h e  c o n c e n t r a t i o n  o f  r e d u c i n g  g a s  i s  h i g h ,  i t  i s  p o s s i b l e  f o r  i r o n  
o x i d e  and i r o n  s u l f i d e  t o  be  r e d u c e d  t o  i r o n .
P u r p o s e  o f  t h e  R e s e a r c h
The g e n e r a l  p u r p o s e  o f  t h i s  r e s e a r c h  i s  t o  o b t a i n  i n f o r m a t i o n  
s u f f i c i e n t  t o  p e r m i t  e v a l u a t i o n  o f  ZrO a s  a s u l f u r  a c c e p t o r  f o r  a 
COGAS-type p r o c e s s .
The s p e c i f i c  o b j e c t i v e s  t o  a c c o m p l i s h  t h i s  g e n e r a l  p u r p o s e  a re *
( 1 )  O b t a i n  k i n e t i c  d a t a  f o r  t h e  f o l l o w i n g  r e a c t i o n s  a t  e l e v a t e d
t e m p e r a t u r e s  j
Ha s ( g j + ZrO( s j -  Ha 0 ( g) +  ZnS( ^  ( 1 - 6 )
0 ° S(g )  + Z n D ( s ) -  ° ° 2 ( g )  + Z n S ( s )  ( I_ 7 }
H3 S ( g ) + 0 0 S (g)  + 2ZrO( s > -  H3 ° ( g ) + ° ° 3 ( g )  +  2ZnS( s ) * ( I -B }
( 2 )  Ana lyze  m ass  t r a n s f e r  and d i f f u s i o n a l  e f f e c t s  t o  i s o l a t e
c h e m i c a l  s t e p s  o f  t h e  p r e c e d i n g  r e a c t i o n s .
(3 )  D e s c r i b e  t h e  r a t e s  o f  t h e  r e a c t i o n s  w i t h  a k i n e t i c  m o d e l .
( 4 ) Compare t h r e e  n o n c a t a l y t i c  s o l i d - g a s  k i n e t i c  m o d e ls  found in t h e  
l i t e r a t u r e .  Two o f  t h e  m o d e ls  have  b e e n  p ro p o s e d  i n  t h e  Las t  few y e a r s  
and r e q u i r e  a n u m e r i c a l  s o l u t i o n .  The t h i r d  model was p r o p o s e d  much
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e a r l i e r ,  and i n  some c a s e s ,  h a s  an  a n a l y t i c a l  s o l u t i o n .
Significance of the Research
The r e s e a r c h  s h o u l d  p e r m i t  I n t e l l i g e n t  e v a l u a t i o n  o f  ZnO a s  a 
s u l f u r  a c c e p t o r  f o r  a OOGAS-type p r o c e s s .  F u r t h e r ,  i t  w i l l  p r o v i d e  
i n f o r m a t i o n  w h ich  w i l l  be  o f  u s e  i n  a d e s i g n  o f  d e s u l f u r i z a t i o n  e < u i p -  
ment u t i l i z i n g  ZriO.
The  r e s e a r c h  w i l l  a l s o  p r o v i d e  a d e t a i l e d  s t u d y  o f  two g e n e r a l  
and  one more r e s t r i c t i v e  s o l i d - g a s  n o n e a t a l y t i c  r e a c t i o n  m o d e l s .  An 
e s t i m a t e  o f  t h e  i n t r i n s i c  r e a c t i o n  r a t e  f o r  r e a c t i o n  ( 1 - 6 )  h a s  b e e n  
o b t a i n e d  by  u s i n g  powdered  r e a c t a n t .  T h i s  i n t r i n s i c  r a t e  was u t i l i z e d  
i n  t h e  m o d e ls  t o  p r e d i c t  g l o b a l  r a t e s  f o r  s p h e r i c a l  p a r t i c l e s .  A com­
p a r i s o n  o f  p r e d i c t e d  c o n v e r s i o n  b y  t h e  m o d e ls  and a c t u a l  e x p e r i m e n t a l  
c o n v e r s i o n  was  t h e n  made.  F o r  r e a s o n s  e x p l a i n e d  i n  C h a p t e r  V, t h i s  
method o f  e s t i m a t i n g  i n t r i n s i c  r a t e  was n o t  u t i l i z e d  f o r  r e a c t i o n  ( 1 - 7 ) .  
I n s t e a d ,  a n  e f f o r t  was  made t o  d e t e r m i n e  i n t r i n s i c  r a t e  from t h e  g l o b a l  
r a t e  o f  t h e  s p h e r i c a l  p a r t i c l e .
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CHAPTER I I
NONCAT ALYTIC SOL ID-GAS REACTIONS
N o n c a t a l y t i c  h e t e r o g e n e o u s  r e a c t i o n s  a r e  an  i m p o r t a n t  c l a s s  o f  
i n d u s t r i a l  r e a c t i o n s .  T h e s e  r e a c t i o n s  i n c l u d e  s o l i d - f l u i d *  l i q u i d -  
l i q u i d ,  and l i q u i d - g a s  s y s t e m s .  The  p a r t i c u l a r  r e a c t i o n  s y s te m  o f  
i n t e r e s t  h e r e  i s  a s o l i d - g a s  s y s t e m ,  a s u b s e t  o f  t h e  s o l i d - f l u i d  
s y s t e m .  Exam ple s  o f  i m p o r t a n t  s o l i d - g a s  r e a c t i o n s  a r e  t h e  r e d u c t i o n  
o f  i r o n  o x i d e  t o  i r o n ,  t h e  r o a s t i n g  and s m e l t i n g  o f  o r e s ,  t h e  r e g e n e r a ­
t i o n  o f  " co k e d "  c a t a l y s t s ,  and  t h e  c o m b u s t i o n  o f  s o l i d  f u e l s .  Such 
h e t e r o g e n e o u s  r e a c t i o n s  a r e  u s u a l l y  t h e  r e s u l t  o f  com plex  i n t e r a c t i o n s  
o f  a number o f  p h y s i c a l  e f f e c t s  a s  w e l l  a s  c h e m i c a l  p r o c e s s e s .
The p u r p o s e  o f  t h i s  c h a p t e r  w i l l  be  t o  c l a s s i f y  p h e n o m e n o l o g i c a l l y  
t h e  v a r i o u s  n o n c a t a l y t i c  s o l i d - f l u i d  r e a c t i o n s  and t o  r e v i e w  t h e  c o n ­
c e p t u a l  m o d e l s  t h a t  h ave  b e e n  u s e d  t o  a n a l y z e  s i n g l e - p a r t i c l e ,  non­
c a t a l y t i c  s o l i d - g a s  k i n e t i c  s y s t e m s .
C l a s s i f i c a t i o n  o f  S o l i d  F l u i d  R e a c t i o n s
S o l i d - f l u i d  r e a c t i o n  s y s t e m s  can  be g ro u p e d  p h e n o m e n o l o g i c a l l y  
i n  e i t h e r  o f  two ways ( l ) .  The  p h a s e  c o m b i n a t i o n  o f  t h e  r e a c t a n t  and 
t h e  p r o d u c t  i s  t h e  b a s i s  f o r  one g r o u p i n g ,  w h i l e  t h e  o t h e r  g r o u p i n g  i s  
b a s e d  on  t h e  m anner  by  which  a r e a c t i o n  p r o g r e s s e s .
C l a s s i f i c a t i o n  b a s e d  on  t h e  P h a s e s  i n  w h ich  v a r i o u s  s p e c i e s  a p p e a r .  
T h e  f o l l o w i n g  schemes  may be u sed  t o  r e p r e s e n t  n o n c a t a l y t i c ,  s o l i d -  
f l u i d  r e a c t i o n s :
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S o l i d  r e a c t a n t s  -* f l u i d  p r o d u c t s  (A)
S o l i d  r e a c t a n t s  -* f l u i d  and s o l i d  p r o d u c t s  (B)
F l u i d  and s o l i d  r e a c t a n t s  -* f l u i d  p r o d u c t s  (C)
F l u i d  and s o l i d  r e a c t a n t s  -» s o l i d  p r o d u c t s  (D)
F l u i d  and s o l i d  r e a c t a n t s  -» f l u i d  and s o l i d  p r o d u c t s  (E)
Exam ples  o f  t y p e  A r e a c t i o n s  a r e  t h e  c o m b u s t i o n  o f  d o u b l e - b a s e  
p r o p e l l a n t s ,  and  t h e r m a l  d e c o m p o s i t i o n  o f  some compounds,  e s p e c i a l l y  
e x p l o s i v e s *  s u ch  a s i
NH4 N O ,( s ) -  Na O (g )  +  2HaO (g )  .  ( I I - l )
Type B r e a c t i o n s  i n c l u d e  t h e  p y r o l y s i s  o f  c a r b o n a c e o u s  m a t e r i a l s ,  
d e h y d r a t i o n  o f  h y d r o x i d e s  and h y d r a t e s ,  and t h e  c a l c i n a t i o n  o f  c a r ­
b o n a t e s :
Ca003 ( s )  -  CaO(s) + C03 ( g )  . ( I I - 2 )
T y p i c a l  t y p e  C r e a c t i o n s ,  which a r e  o f  g r e a t  i n d u s t r i a l  i m p o r t a n c e ,
a re*
G a s i f i c a t i o n  o f  c a r b o n a c e o u s  m a t t e r
C ( s )  + Hs O(g)  -  0 0 ( g )  + Hs(g)  ( I I - 3 )
C om bus t ion  o f  c a r b o n a c e o u s  m a t t e r  
C ( s )  +  0 a ( g )  003 (g) ( I I - 4 )
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Oxidation o f  su l fu r
S(s)  ^O gfg)  -* SOa (g) • ( I I - 5 )
Type D r e a c t i o n s  i n c l u d e  t h e  c h e m l s o r p t i o n  o f  f l u i d s  on s o l i d  
a d s o r b e n t s !  t h e  s u l f a t i o n  o f  m e t a l  o x i d e s ,  and t h e  t a r n i s h i n g  o r  
r u s t i n g  o f  m e t a l s .
MnOs {s)  + SOa ( g )  -*Mn904 ( s )  { I I - 6 )
4 F e ( s )  + X a (g)  -  2Fea0 a ( s )  . ( I I - 7 )
Type  E r e a c t i o n s  a r e  t h e  m os t  g e n e r a l  form o f  h e t e r o g e n e o u s  non-
c a t a l y t i c  s o l i d - f l u i d  r e a c t i o n s .  Examples  i n c l u d e  t h e  r e a c t i o n s  o f  
h y d r o g e n  s u l f i d e  and c a r b o n y l  s u l f i d e  w i t h  z i n c  o x i d e  which a r e  t h e  
s u b j e c t  o f  t h e  p r e s e n t  s t u d y .  O t h e r  e x a m p le s  a r e  t h e  o x i d a t i o n  o f  
t h e  m e t a l  s u l f i d e s  and t h e  r e d u c t i o n  o f  m e t a l  o x i d e s ,
2ZnS (s )  + 30a (g)  -  2ZN0(s) + 2S0a (g)  ( H - 8 )
F e aOa ( s )  + 3Ha ( g )  -  2 F e ( s )  + 3HaO(g)  . ( I I - 9 )
C l a s s i f i c a t i o n  a c c o r d i n g  t o  t h e  m anner  bv  w h ich  t h e  r e a c t i o n  
p r o g r e s s e s . T h i s  c l a s s i f i c a t i o n  i s  d e p e n d e n t  on t h e  c o n d i t i o n s  o f  
t h e  r e a c t i o n  s y s t e m .  F a c t o r s  such  a s  t h e  i n t e r n a l  s t r u c t u r e  o f  t h e  
s o l i d ,  t h e  r e l a t i v e  v e l o c i t i e s  o f  c h e m ic a l  r e a c t i o n s ,  and t h e  d i f f u s i o n  
o f  r e a c t a n t s  and p r o d u c t s  a s  w e l l  a s  t h e  g e o m e t ry  o f  the.* s o l i d  have  
an i n f l u e n c e  on t h e  manner  by  which a h e t e r o g e n e o u s  n o n c a t a l y t i c
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s o l i d - f l u i d  r e a c t i o n  p r o g r e s s e s *  T h u s  t h e  same r e a c t i o n  may be  c l a s ­
s i f i e d  d i f f e r e n t l y  u n d e r  d i f f e r e n t  c i r c u m s t a n c e s  w i t h  t h i s  c l a s s i f i ­
c a t i o n  system* F o u r  d i f f e r e n t  c a s e s  a r e  c o n s i d e r e d  b e lo w t
H e t e r o g e n e o u s  r e a c t i o n s * H e t e r o g e n e o u s  r e a c t i o n s  o c c u r  a t  t h e  
s u r f a c e  o f  t h e  u n r e a c t e d  s o l i d .  T h i s  h a p p e n s  when t h e  u n r e a c t e d  s o l i d  
i s  n o n p o ro u s  and im p e rm e a b le  t o  t h e  f l u i d  r e a c t a n t s .  I t  a l s o  o c c u r s  
when t h e  d i f f u s i o n  o f  t h e  f l u i d  r e a c t a n t s  t h r o u g h  a p o r o u s  s o l i d  
r e a c t a n t  i s  v e r y  s lo w  compared  t o  t h e  c h e m i c a l  r e a c t i o n  r a t e .  I n  
t h i s  c a s e  t h e  c h e m i c a l  r e a c t i o n  i s  c o n f i n e d  t o  an  i n t e r f a c e  b e tw e e n  
t h e  u n r e a c t e d  s o l i d  and t h e  p r o d u c t .  Examples  a r e  t h e  b u r n i n g  o f  a 
c h a r c o a l  b r i q u e t t e  and t h e  c o m b u s t io n  o f  c a r b o n  i n  a coked c a t a l y s t  
p a r t i c l e  a t  h i g h  t e m p e r a t u r e s  (625°C) ( 2 , 3 ) .
Homogeneous r e a c t i o n s *  When i t  i s  r e a s o n a b l e  t o  c o n s i d e r  t h a t  
t h e  r e a c t i o n  b e tw e e n  f l u i d  and s o l i d  com ponen ts  i s  o c c u r r i n g  u n i f o r m l y  
t h r o u g h o u t  t h e  s o l i d  p h a s e ,  t h e  r e a c t i o n  may be c l a s s i f i e d  a s  homogene­
o u s .  T h i s  o c c u r s  when t h e  s o l i d  p o r o s i t y  i s  l a r g e  enough  t o  p a s s  t h e  
f l u i d  r e a c t a n t  f r e e l y  o r  t h e  d i f f u s i o n  v e l o c i t y  o f  t h e  f l u i d  i s  much 
g r e a t e r  t h a n  t h e  r e a c t i o n  v e l o c i t y .  The s o l i d  r e a c t a n t  must  be  u n i ­
f o r m l y  d i s t r i b u t e d  t h r o u g h o u t  t h e  s o l i d  p h a s e .  An example  o f  t h i s  c a s e  
i s  t h e  c o m b u s t io n  o f  coked  c a t a l y s t  p a r t i c l e s  a t  low t e m p e r a t u r e s  
( 460°C) ( 2 , 3 ) .
R e a c t i o n s  accom pany ing  p h a se  c h a n g e s  o f  s o l i d  com ponen ts  o r  
e v o l u t i o n  o f  v o l a t l l e s *  I n  some c a s e s  s o l i d  r e a c t a n t s  e i t h e r  m e l t  
o r  s u b l im e  b e f o r e  t h e y  c a n  be  b r o u g h t  i n t o  c o n t a c t  w i t h  t h e  f l u i d  
r e a c t a n t s .  I n  t h e  s u b l i m a t i o n  c a s e ,  a homogeneous  v a p o r - p h a s e  r e a c t i o n  
t h e n  t a k e s  p l a c e .  T h i s  p h a se  change  u s u a l l y  o c c u r s  a s  t h e  r e s u l t  o f
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I n c r e a s i n g  t e m p e r a t u r e  i n  an  e x o t h e r m i c  s y s t e m .  An exam ple  o f  t h i s  
c a s e  i s  t h e  h i g h  t e m p e r a t u r e  (1200°C) o x i d a t i o n  o f  z i n c  s u l f i d e  ( 4 ) .
At v e r y  h i g h  t e m p e r a t u r e s  t h e  e x o t h e r m i c  r e a c t i o n  o c c u r s  t o o  r a p i d l y  
f o r  t h e  h e a t  t o  be  c a r r i e d  away. The z i n c  s u l f i d e  v a p o r i z e s  and 
t h e n  r e a c t s  w i t h  oxygen  i n  a g a s  p h a s e  r e a c t i o n .
I n t e r m e d i a t e  c a s e s *  On a m o l e c u l a r  s c a l e  t h e  s o l i d  r e a c t a n t  c a n  
n e v e r  be  c o n s i d e r e d  h o m ogeneous ly  d i s t r i b u t e d  i n  t h e  s o l i d  p h a s e .  How*
e v e r ,  s o l i d  r e a c t a n t s  may be c o n s i d e r e d  t o  be composed o f  a l a r g e
number o f  s m a l l  g r a i n s  o f  r e a c t a n t  d i s t r i b u t e d  t h r o u g h o u t  t h e  s o l i d  
p h a s e .  The  r e a c t i o n  r a t e s  b e t w e e n  e a c h  g r a i n  and t h e  f l u i d  r e a c t a n t s
w h ich  d i f f u s e  i n t o  t h e  s o l i d  may be  d e s c r i b e d  by  one o f  t h e  above
c a s e s .  The o v e r a l l  r e a c t i o n  r a t e  f o r  t h i s  c a s e  i s  a f u n c t i o n  o f  t h e  
g r a i n  d i s t r i b u t i o n ,  s o l i d  s t r u c t u r e ,  i n t r i n s i c  r e a c t i o n  r a t e s ,  and 
t h e  t r a n s p o r t  p r o p e r t i e s  o f  t h e  f l u i d  r e a c t a n t s  i n  t h e  s o l i d .  The 
f i r s t  t h r e e  c a s e s  may be v i s u a l i z e d  a s  t h e  l i m i t i n g  e x t r e m e s  o f  t h i s  
g e n e r a l  c a s e .  The c o m b u s t io n  o f  coked c a t a l y s t  p a r t i c l e s  a t  i n t e r ­
m e d i a t e  t e m p e r a t u r e s  (^15°C)  may be c o n s i d e r e d  an example  o f  t h i s  
c a s e  ( 2 , 3 ) .
S o l i d - G a s  R e a c t i o n  W o d e l s - L i t e r a t u r e  Review
I n  o r d e r  t o  q u a n t i t a t i v e l y  a n a l y z e  a s i n g l e  p a r t i c l e  r e a c t i o n  
s y s t e m ,  i t  i s  n e c e s s a r y  t o  f o r m u l a t e  a c o n c e p t u a l  model o r  p i c t u r e  o f  
t h e  s y s t e m .  A g r o u p  o f  e q u a t i o n s  may t h e n  be s e t  up  t o  d e s c r i b e  t h e  
sy s te m  and a l l o w  a q u a n t i t a t i v e  r e l a t i o n s h i p  t o  be e s t a b l i s h e d  b e tw e e n  
s y s te m  p a r a m e t e r s .  I f  t h e  o r i g i n a l  c o n c e p t u a l  model c o r r e s p o n d s  
c l o s e l y  t o  what a c t u a l l y  t a k e s  p l a c e ,  t h e  d e r i v e d  m a t h e m a t i c a l  e x p r e s ­
s i o n s  w i l l  a c c u r a t e l y  m i r r o r  t h e  s y s t e m  b e h a v i o r :  i f  t h e  model d i f f e r s
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from r e a l i t y ,  t h e  d e r i v e d  e x p r e s s i o n s  w i l l  be  u s e l e s s .  However,  i f  a  
model i s  t o o  d i f f i c u l t  t o  s o l v e  m a t h e m a t i c a l l y ,  i t  i s  o f  l i t t l e  v a l u e  
r e g a r d l e s s  o f  how c l o s e l y  i t  m i r r o r s  r e a l i t y .  The  c r i t e r i o n  f o r  a 
good model  i s ,  t h e r e f o r e ,  t h a t  i t  be  t h e  c l o s e s t  r e p r e s e n t a t i o n  o f  t h e  
a c t u a l  phenomenon w h ic h  c a n  be  t r e a t e d  w i t h o u t  undue  m a t h e m a t i c a l  
c o m p l e x i t i e s .
The  s e q u e n c e  o f  e v e n t s  which  d e t e r m i n e  t h e  g l o b a l ,  o r  o v e r a l l ,  
r a t e  o f  r e a c t i o n  f o r  a s o l i d - g a s  s y s t e m  and s h o u l d  be  i n c o r p o r a t e d  i n t o  
t h e  c o n c e p t u a l  p i c t u r e  o f  a r e a c t i o n  i s  a s  f o l l o w s  ( l , b ) :
( 1 )  T r a n s p o r t  o f  f l u i d  r e a c t a n t s  from t h e  b u l k  f l u i d  t o  t h e  
f l u i d - s o l i d  i n t e r f a c e .
( 2 )  I n t r a p a r t i c l e  t r a n s p o r t  o f  f l u i d  r e a c t a n t s  t h r o u g h  t h e  
p o r o u s  s o l i d  o r  p r o d u c t  l a y e r .
(3 )  A d s o r p t i o n  o f  t h e  f l u i d  r e a c t a n t s  a t  t h e  s o l i d  r e a c t a n t  
s u r f a c e .
(4 )  C hem ica l  r e a c t i o n  b e t w e e n  f l u i d  and s o l i d  r e a c t a n t s .
(b)  D e s o r p t i o n  o f  t h e  f l u i d  p r o d u c t s  f rom  t h e  s o l i d  r e a c t i o n
s u r f a c e .
( 6 )  T r a n s p o r t  o f  f l u i d  p r o d u c t s  from t h e  r e a c t i o n  s u r f a c e  t h r o u g h  
t h e  p o r o u s  s o l i d  medium.
(7 )  T r a n s p o r t  o f  f l u i d  p r o d u c t s  from t h e  f l u i d - s o l i d  i n t e r f a c e  
i n t o  t h e  b u l k  f l u i d  s t r e a m .
A n o t h e r  e v e n t  w h ich  i s  se ldom  i n c l u d e d  i n  d i s c u s s i o n s  o f  t h i s  
s e q u e n c e ,  b u t  n e v e r t h e l e s s  i s  i m p o r t a n t  and s h o u l d  be  i n c l u d e d  1 s t
( 8 )  C h an g in g  s o l i d  p r o p e r t i e s ,  such a s  s i r e ,  s h a p e ,  e t c .  d u r i n g  
t h e  r e a c t i o n .  D i s a p p e a r a n c e  o f  t h e  s o l i d ,  su ch  a s  i n  c o m b u s t i o n ,  i s
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o f t e n  I n c l u d e d  I n  c o m b u s t io n  m o d e l s .  However,  c h a n g e s  i n  s i z e ,  due  
t o  d i f f e r e n t  d e n s i t i e s  o f  s o l i d  r e a c t a n t  and  p r o d u c t ,  a r e  se ldom 
i n c l u d e d  i n  m o d e l i n g  e f f o r t s .
U nder  some c i r c u m s t a n c e s  ( h e t e r o g e n e o u s  r e a c t i o n s )  t h e  f i r s t  
s e v e n  o f  t h e s e  s t e p s  o c c u r  c o n s e c u t i v e l y  and  may be  c o n s i d e r e d  a s  
r e s i s t a n c e s  i n  s e r i e s .  When t h i s  i s  t h e  c a s e ,  i f  one  o f  t h e  s e v e n  
s t e p s  i s  much s l o w e r  t h a n  t h e  o t h e r s ,  t h a t  s t e p  becom es  r a t e - d e t e r ­
m i n i n g .  H ow ever ,  s i n g l e - s t e p  r a t e - d e t e r m i n i n g  p r o c e s s e s  a r e  l i m i t i n g  
c a s e s  and  t h e  m a j o r i t y  o f  s o l i d - f l u i d  r e a c t i o n s  a r e  i n f l u e n c e d  
s i m u l t a n e o u s l y  by more  t h a n  one  s t e p .  A r i g o r o u s  m a t h e m a t i c a l  t r e a t ­
ment o f  a model w h ich  i n c l u d e s  a l l  e i g h t  e v e n t s  i s  v e r y  d i f f i c u l t .  
T h e r e f o r e  c e r t a i n  s i m p l i f y i n g  a s s u m p t i o n s  a r e  u s u a l l y  made. F o r  
exam ples*  ( a )  S t e p s  3 , 4 ,  and  5 may be combined  and t h e  o v e r a l l  s u r f a c e  
e f f e c t s  t r e a t e d  a s  an  n t h - o r d e r  r a t e  e q u a t i o n  i n  t h e  model ( l ) .  A l t e r ­
n a t i v e l y  s t e p s  3 and 5 may n o t  e v e n  be v i s u a l i z e d  a s  p a r t  o f  t h e  
s e q u e n c e  o f  e v e n t s  which  d e t e r m i n e  t h e  g l o b a l  r a t e  ( 6 ) .  (b )  The
r e s i s t a n c e  c o n t r i b u t e d  by  s t e p s  6 and 7 may be n e g l e c t e d .  T h i s  assump­
t i o n  i s  v a l i d  f o r  r e a c t i o n s  w h ich  e i t h e r  h a v e  no g a s e o u s  p r o d u c t s  o r  
a r e  i r r e v e r s i b l e .  ( c )  The  ch an g e  i n  s o l i d  p a r a m e t e r s  d u r i n g  t h e  
r e a c t i o n  i s  n e g l i g i b l e .  I n  o t h e r  w o r d s ,  t h e  s o l i d  p r o d u c t  h a s  e s s e n ­
t i a l l y  t h e  same s i z e ,  s h a p e ,  and o t h e r  p h y s i c a l  p r o p e r t i e s  a s  t h e  s o l i d  
r e a c t a n t .  I f  t h e  above s i m p l i f i c a t i o n s  c an  be made,  t h e  o n l y  r e m a i n i n g  
r e s i s t a n c e s  a r e  t h e  mass  t r a n s f e r  r e s i s t a n c e  f rom t h e  b u l k  f l u i d  t o  
t h e  r e a c t a n t  s u r f a c e ,  t h e  d i f f u s i o n a l  r e s i s t a n c e  i n t e r n a l  t o  t h e  s o l i d  
p a r t i c l e ,  and t h e  i n t r i n s i c  r e a c t i o n  r e s i s t a n c e .
T h e r e  a r e  s e v e r a l  r e a c t i o n  m o d e ls  t h a t  have  b e e n  p ro p o s e d  i n  t h e  
l i t e r a t u r e  f o r  r e a c t i o n s  s i m i l a r  t o  t h e  one d e s c r i b e d  a b o v e .  T h r e e  o f
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t h e s e  m o d e l s ,  t h e  u n r e a c t e d - c o r e  m o d e l ,  t h e  v o l u m e t r i c  m o d e l ,  and  t h e  
g r a i n  model a r e  d i s c u s s e d  i n  some d e t a i l  i n  t h i s  s e c t i o n  and m a th e ­
m a t i c a l l y  a n a l y z e d  i n  c h a p t e r  I I I .  T h e s e  m o d e l s  a r e  d i r e c t l y  a p p l i c a ­
b l e  t o  r e a c t i o n s  o f  c l a s s  C, D, o r  E .  R e a c t i o n s  o f  t y p e  A and B 
r e p r e s e n t  l e s s  com plex  s y s t e m s  and s im p le  r e a c t i o n  m o d e ls  may be 
f o r m u l a t e d  b a s e d  upon  t h e  p r i n c i p l e s  d i s c u s s e d  h e r e .  S i n c e  t h e r e  i s  
a d i f f e r e n c e  i n  t h e  v a l i d i t y  o f  an  a s s u m p t i o n  u s e d  t o  s i m p l i f y  t h e  
m a t h e m a t i c a l  e q u a t i o n s  f o r  s o l i d - g a s  and s o l i d - l i q u i d  s y s t e m s ,  t h e  
l i t e r a t u r e  r e v i e w  i s  r e s t r i c t e d  t o  s o l i d - g a s  r e a c t i o n s  i n s t e a d  o f  t h e  
more g e n e r a l  s o l i d - f l u i d  s y s t e m .
C o n c e p t u a l l y ,  t h e  u n r e a c t e d - c o r e  model may be c l a s s i f i e d  a s  a 
h e t e r o g e n e o u s  m o d e l ,  w h i l e  t h e  v o l u m e t r i c  model and t h e  g r a i n  model 
a r e  i n t e r m e d i a t e  b e tw e e n  h e t e r o g e n e o u s  and hom ogeneous .
U n r e a c t e d - c o r e  m o d e l .  I n  t h e  u n r e a c t e d - c o r e  m o d e l ,  t h e  r e a c t i o n  
i s  v i s u a l i z e d  a s  o c c u r r i n g  a t  a s h a r p l y  d e f i n e d  i n t e r f a c e  b e tw ee n  
r e a c t a n t  and p r o d u c t .  I n i t i a l l y  t h e  r e a c t i o n  i n t e r f a c e  c o r r e s p o n d s  
t o  t h e  e x t e r n a l  s u r f a c e  o f  t h e  s o l i d .  As t h e  r e a c t i o n  p r o c e e d s ,  t h e  
i n t e r f a c e  moves from t h e  s o l i d ' s  s u r f a c e  i n t o  t h e  s o l i d ,  l e a v i n g  
b e h i n d  a p r o d u c t  o r  " a s h "  l a y e r .  As shown i n  F i g u r e  I I - l ,  an u n r e a c t e d  
c o r e  o f  m a t e r i a l ,  which  s h r i n k s  i n  s i z e ,  i s  p r e s e n t  a t  any t im e  d u r i n g  
t h e  r e a c t i o n .  T h i s  i s  a v a l i d  p i c t u r e  o f  t h e  r e a c t i o n  when t h e  s o l i d  
r e a c t a n t  i s  n o n p o ro u s  o r  when t h e  r e a c t i o n  i s  i n t e r n a l  d i f f u s i o n  c o n ­
t r o l l e d .
The  u n r e a c t e d - c o r e  model was one o f  t h e  e a r l i e s t  d e v e l o p e d  and 
i s  t h e  most w i d e l y  u sed  b e c a u s e  o f  i t s  s i m p l i c i t y .  The  r e s i s t a n c e s  











































I n t e r n a l  mass  t r a n s f e r  r e s i s t a n c e s  and t h e  i n t r i n s i c  r e a c t i o n  r a t e .  
T h e s e  r e s i s t a n c e s  a r e  a l l  i n  s e r i e s .
The u n r e a c t e d - c o r e  model i s  a l s o  known a s  t h e  " s h r i n k i n g - c o r e  
m o d e l , "  t h e  " s h e l l - p r o g r e s s i v e  m o d e l , "  t h e  " u n r e a c t e d - c o r e - s h r i n k i n g  
m o d e l t h e  " t o p o c h e m i c a l  r e a c t i o n  m o d e l , "  t h e  " m o v in g -b o u n d a ry  m o d e l , "  
and  o t h e r  s i m i l a r  names .
F o r  t h e  p u r p o s e s  o f  t h i s  r e v i e w ,  t h e  d i s c u s s i o n  o f  t h e  u n r e a c t e d -  
c o r e  model w i l l  be  d i v i d e d  i n t o  t h r e e  p a r t  s i  i s o t h e r m a l  r e a c t i o n  
s y s t e m s ,  n o n i s o t h e x m a l  r e a c t i o n  s y s t e m s ,  and s i m u l t a n e o u s  r e a c t i o n s .
I s o t h e r m a l  r e a c t i o n  s y s t e m s !  F o r  an i s o t h e r m a l  s y s t e m ,  t h e  
u n r e a c t e d - c o r e  model c an  be  d e s c r i b e d  by  a  s i n g l e  s p e c i e s  c o n t i n u i t y  
e q u a t i o n .  E n e r g y  e f f e c t s  a r e  u n i m p o r t a n t  i n  t h i s  sy s tem  b e c a u s e  any 
e n e r g y  g e n e r a t e d  o r  consumed by  t h e  r e a c t i o n  i s  c a r r i e d  away o r  
s u p p l i e d  by  t h e  p a r t i c l e ’ s s u r r o u n d i n g s  w i t h o u t  any  c h a n g e s  i n  
t e m p e r a t u r e .  I t  s h o u l d  be n o te d  t h a t  i n  t h i s  c o n t e x t  t h e  t e r m  i s o ­
t h e r m a l  n o t  o n l y  means c o n s t a n t  t e m p e r a t u r e  w i t h  r e s p e c t  t o  p o s i t i o n  
b u t  a l s o  w i t h  r e s p e c t  t o  t i m e .
I n  one o f  t h e  f i r s t  e x t e n s i v e  t r e a t m e n t s  o f  t h e  u n r e a c t e d  c o r e  
model Yagi and K u n i i  (7 )  c o n s i d e r e d  t h e  c a s e s  where  e i t h e r  t h e  mass  
t r a n s f e r  o f  t h e  r e a c t a n t  t h r o u g h  t h e  b o u n d a r y  f i l m ,  d i f f u s i o n  t h r o u g h  
t h e  a sh  l a y e r ,  o r  t h e  i n t r i n s i c  r e a c t i o n  c o u ld  be  c o n s i d e r e d  t h e  r a t e  
d e t e r m i n i n g  s t e p .  I n t e r m e d i a t e  c a s e s ,  f o r  f i r s t  o r d e r  r e a c t i o n s ,  w i t h  
more t h a n  one i m p o r t a n t  r e s i s t a n c e  were  d e s c r i b e d  by  Ohm’ s law o f  
a d d i t i v e  r e s i s t a n c e s .  E s s e n t i a l l y ,  t h i s  same t r e a t m e n t  l a t o r  a p p e a r e d  
i n  L e v e n s p i e l  ( 6 ) .
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I n  a p l o t  o f  e x t e n t  o f  r e a c t i o n  ( f r a c t i o n a l  c o n v e r s i o n  o f  s o l i d )  
v e r s u s  t i m e ,  i t  i s  v e r y  d i f f i c u l t  t o  d i s t i n g u i s h ,  from e x p e r i m e n t a l  
d a t a ,  w h ich  o f  t h e  r e s i s t a n c e s  i s  r a t e  c o n t r o l l i n g  b e c a u s e  o f  e x p e r i ­
m e n t a l  e r r o r  and t h e  s i m i l a r i t y  o f  t h e  p r e d i c t e d  t i m e - c o n v e r s i o n  
c u r v e s .  The  a b i l i t y  t o  c o r r e l a t e  e x p e r i m e n t a l  d a t a  t o  d i f f e r e n t  r a t e  
c o n t r o l l i n g  s t e p s  l e d  t o  a g r e a t  d e a l  o f  c o n t r a d i c t i o n  i n  e a r l y  
s t u d i e s .  I n  a s e r i e s  o f  p a p e r s  on  t h e  k i n e t i c s  o f  t h e  r e d u c t i o n  o f  
i r o n  o x i d e  w i t h  h y d r o g e n ,  McKewan ( 8 , 9 , 1 0 , 1 1 )  was a b l e  t o  show a good 
c o r r e l a t i o n  b e tw ee n  h i s  e x p e r i m e n t a l  d a t a  and t h e o r e t i c a l  p r e d i c t i o n s  
a s su m in g  i n t r i n s i c  r e a c t i o n  r a t e  c o n t r o l .  Kawasaki  e t  a l .  (12 )  i n  t h e i r  
s t u d y  o f  t h e  r e d u c t i o n  o f  i r o n  o x i d e ,  u n d e r  r e a c t i o n  c o n d i t i o n s  s i m i l a r  
t o  McKewan*s, found t h e  r e d u c t i o n  r a t e  t o  be c o n t r o l l e d  by  t h e  c o u n t e r -  
d i f f u s i o n  o f  r e a c t a n t  g a s  and p r o d u c t  g a s  b e tw e e n  t h e  r e a c t i o n  i n t e r ­
f a c e  and t h e  m a in  g a s  s t r e a m .  ( A l th o u g h  e x t e r n a l  and i n t e r n a l  d i f f u s i o n  
r e s i s t a n c e s  a r e  n o r m a l l y  c o n s i d e r e d  a s  two s e p a r a t e  r e s i s t a n c e s ,
Kawasak i  e t  a l .  combined them i n t o  a s i n g l e  r e s i s t a n c e  d e s c r i b e d  by  
a n  e x p e r i m e n t a l l y  m easu red  d i f f u s i o n  c o e f f i c i e n t . )  I n  a l a t e r  p a p e r ,  
O l s s o n  and McKewan (1 3 )  m e as u re d  t h e  r a t e  o f  c o u n t e r d i f f u s i o n  o f  
h y d r o g e n  and w a t e r  v a p o r  i n  t h e  p o r o u s  i r o n  p r o d u c t  a t  r e a c t i o n  tem ­
p e r a t u r e s .  T hey  were  a b l e  t o  show t h a t  t h e  r e d u c t i o n  w as ,  i n d e e d ,  
l i m i t e d  t o  a g r e a t  e x t e n t  b y  t h e  g a s e o u s  d i f f u s i o n  b e tw e e n  t h e  b u l k  
g a s  p h a s e  and t h e  r e a c t i o n  i n t e r f a c e .  B e v e r i d g e  (4 ) ,  i n  an e x p e r i m e n t a l  
i n v e s t i g a t i o n  i n t o  t h e  o x i d a t i o n  r a t e s  o f  z i n c  s u l f i d e  s p h e r e s ,  found  
t h a t  t h e  r e a c t i o n  r a t e  was ,  i n  t u r n ,  c o n t r o l l e d  by  c h e m i c a l  k i n e t i c s ,  
i n t e r n a l  d i f f u s i o n ,  and e x t e r n a l  b o u n d a r y  l a y e r  d i f f u s i o n  a s  t h e  tem ­
p e r a t u r e  i n c r e a s e d .
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S i n c e  s i n g l e  s t e p  r a t e  c o n t r o l l i n g  r e a c t i o n s  a r e  a s p e c i a l  c a s e  and  
m o s t  r e a c t i o n  s y s t e m s  a r e  e i t h e r  s i m u l t a n e o u s l y  i n f l u e n c e d  by  more  t h a n  
o n e  s t e p  o r  u n d e r g o  a change  f rom one r a t e  c o n t r o l l i n g  r eg im e  t o  a n o t h e r ,  
i t  was n e c e s s a r y  t o  f o r m u l a t e  a more g e n e r a l  r a t e  e q u a t i o n  which  c o u ld  
c o n s i d e r  m u l t i p l e  r e s i s t a n c e s *  Lu (1 4 )  d e v e l o p e d  a model  where  b o t h  t h e  
i n t r i n s i c  r e a c t i o n  r a t e  and t h e  i n t e r n a l  d i f f u s i o n  were  c o n s i d e r e d  s i g ­
n i f i c a n t .  B o undary  l a y e r  r e s i s t a n c e  was n o t  c o n s i d e r e d .  Lu showed t h a t  
t h e  p r e v i o u s l y  m e n t io n e d  work by  McKewan and Kawasaki  e t  a l . w e re  s p e c i a l  
c a s e s  o f  h i s  m o d e l .
S t .  C l a i r  ( 1 5 ) ,  i n  an e f f o r t  t o  f o r m u l a t e  a v a l i d  model  f o r  t h e  s im u ­
l a t i o n  o f  a  b l a s t  f u r n a c e ,  c o n s i d e r e d  t h e  e f f e c t s  o f  i n t e r n a l  d i f f u s i o n ,  
a r e v e r s i b l e  c h e m i c a l  r e a c t i o n ,  and t h e  d e p l e t i o n  o f  t h e  r e a c t i n g  g a s  
s u r r o u n d i n g  t h e  s o l i d  p a r t i c l e .  S t .  C l a i r  a l s o  r e a n a l y z e d  some o f  
McKewan*s d a t a  t o  c o r r e c t  f o r  t h e  e f f e c t s  o f  d i f f u s i o n .  T h i s  r e a n a l y s i s  
p r o d u c e d  an a c t i v a t i o n  e n e r g y  o f  25 k c a l  p e r  mole  compared t o  McKewan*s 
o r i g i n a l  v a l u e  o f  15 k c a l  p e r  m o le .  T h i s  i s  c o n s i s t e n t  w i t h  s i g n i f i c a n t  
d i f f u s i o n  r e s i s t a n c e  s i n c e  a c t i v a t i o n  e n e r g i e s  m e asu re d  u n d e r  d i f f u s i o n  
c o n t r o l  g i v e  a c t i v a t i o n  e n e r g i e s  which  a r e  o n l y  h a l f  t h e  t r u e  v a l u e .
Shen and Sm i th  (16 )  p u b l i s h e d  one o f  t h e  m os t  g e n e r a l  and com pre­
h e n s i v e  t r e a t m e n t s  o f  i s o t h e r m a l  u n r e a c t e d - c o r e  m o d e l s .  The r e a c t i o n  
was assumed t o  be  f i r s t  o r d e r  and r e v e r s i b l e .  A l low ance  was made f o r  
i n t e r n a l  and e x t e r n a l  mass  t r a n s f e r  r e s i s t a n c e s  o f  b o t h  r e a c t a n t  and 
p r o d u c t  g a s e s  and f o r  a change  i n  volume o f  t h e  r e a c t i n g  p a r t i c l e  d u r i n g  
t h e  c o u r s e  o f  t h e  r e a c t i o n .  T h i s  t r e a t m e n t ,  w i t h  t h e  added  r e s t r i c t i o n s  
o f  i r r e v e r s i b l e  r e a c t i o n s  and p e l l e t s  o f  c o n s t a n t  s i z e ,  l a t e r  a p p e a r e d  
i n  S m i t h ' s  t e x t b o o k  ( 5 ) .
Lu and B i t s i a n e s  (17)  e x t e n d e d  L u ' s  e a r l i e r  model t o  i n c l u d e  
r e v e r s i b l e  r e a c t i o n s .  They  d e m o n s t r a t e d ,  m a t h e m a t i c a l l y ,  th<? p o s s i b i l i t y
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o f  a t o t a l  p r e s s u r e  g r a d i e n t  a c r o s s  t h e  a s h  l a y e r  due  t o  u n e q u a l  
e f f e c t i v e  d i f f u s i v i t i e s  o f  p r o d u c t  and r e a c t a n t  g a s e s .
S p i t z e r ,  M ann ing ,  and P h i l b r o o k  ( 1 8 ,  19) p u b l i s h e d  two p a p e r s  on 
m u l t i p l e  r e s i s t a n c e  c o n t r o l l e d  r e a c t i o n  k i n e t i c s  i n  t h e  g a s e o u s  r e d u c ­
t i o n  o f  i r o n  o x i d e .  In  t h e  f i r s t  p a p e r  a " d e n s e - p e l l e t  r e d u c t i o n  
m o d e l , "  which i n c o r p o r a t e d  mass  t r a n s f e r  r e s i s t a n c e s  i n  t h e  b o u n d a r y  
f i l m  and i n  t h e  a sh  l a y e r  f o r  b o t h  t h e  r e a c t a n t  and  p r o d u c t  g a s e s ,  
was p r e s e n t e d .  The i n t r i n s i c  r a t e  e x p r e s s i o n  was a f i r s t  o r d e r  
r e v e r s i b l e  r e a c t i o n  u s i n g  r e a c t i o n  s u r f a c e  c o n c e n t r a t i o n s  o f  g a s e o u s  
r e a c t a n t  and p r o d u c t .  The r e a c t i o n  s u r f a c e  c o n c e n t r a t i o n s  were  d e t e r ­
m ined  b y  a d s o r p t i o n  and  d e s o r p t i o n  e q u i l i b r i u m  c o n s t a n t s .  The second  
p a p e r  d e v e l o p e d  a " g e n e r a l i z e d  model f o r  t h e  r e d u c t i o n  o f  p o r o u s  
h e m a t i t e  s p h e r e s . "  The  second  model p o s t u l a t e d  t h e  p r e s e n c e  o f  t h r e e  
r e a c t i o n  i n t e r f a c e s  ( c o r e s )  t o  d e s c r i b e  t h e  s t e p w i s e  r e d u c t i o n  
F e a0 3/ F e 304 , F e30 4/ F e 4 0 ,  and Fe40 / F e .
T a r t a r e l l i  e t  a l . ( 2 0 )  and Sohn and S z e k e l y  (2 1 )  i n v e s t i g a t e d  
t h e  e f f e c t  o f  r e a c t i o n  o r d e r .  T hey  assumed an n th  o r d e r  r a t e  e x p r e s s i o n  
and  c o n s i d e r e d  f l a t  p l a t e ,  c y l i n d r i c a l ,  and s p h e r i c a l  p a r t i c l e s .
B o th  p a p e r s  c o n s i d e r e d  i n t e r n a l  d i f f u s i o n  and  T a r t a r e l l i  e t  a l . a l s o  
c o n s i d e r e d  e x t e r n a l  d i f f u s i o n a l  r e s i s t a n c e .
N o n i s o t h e r m a l  t r e a t m e n t s *  F o r  a n o n i s o t h e r m a l  s y s t e m ,  t h e  
u n r e a c t e d - c o r e  model i s  d e s c r i b e d  by  t h e  s p e c i e s  c o n t i n u i t y  e q u a t i o n  
and  t h e  e n e r g y  e q u a t i o n .  T h e s e  e q u a t i o n s  a r e  c o u p l e d  t h r o u g h  t h e  
r e a c t i o n  r a t e  t e r m  and t h r o u g h  t h e  t e m p e r a t u r e  e f f e c t  on  t h e  p h y s i c a l  
p r o p e r t i e s  o f  t h e  r e a c t a n t s .
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F o r  e x o t h e r m i c  r e a c t i o n s  o f  t h i s  t y p e  t h e r e  a r e ,  i n  g e n e r a l ,  two 
s t a b l e  r e g i m e s  o f  r e a c t i o n ,  c o n t r o l l e d ,  r e s p e c t i v e l y ,  b y  d i f f u s i o n  
and  b y  k i n e t i c s ,  and  s e p a r a t e d  b y  an  u n s t a b l e  a r e a .  T h i s  u n s t a b l e  
a r e a ,  o f t e n  r e f e r r e d  t o  a s  a t h e r m a l  i n s t a b i l i t y ,  i s  d e f i n e d  a s  an  
u n s t a b l e  s o l u t i o n  t o  t h e  e q u a t i o n s  g o v e r n i n g  h e a t  g e n e r a t i o n  and h e a t  
l o s s .  T h e  c u r v e s  r e p r e s e n t i n g  a s o l u t i o n  t o  t h e  e q u a t i o n s  f o r  h e a t  
g e n e r a t i o n  and h e a t  l o s s  axe a  s ig m o id  c u r v e  and an  a p p r o x i m a t e  
s t r a i g h t  l i n e ,  r e s p e c t i v e l y .  T h i s  t h e r m a l  I n s t a b i l i t y  a f f e c t s  t h e  
p a r t i c l e  a s  a w h o le .  Any ch an g e  i n  t e m p e r a t u r e  ( r e a c t i o n  r a t e )  o c c u r s  
t h r o u g h o u t  t h e  r e a c t i n g  p a r t i c l e .
T h e r e  i s  a s eco n d  t y p e  o f  t h e r m a l  i n s t a b i l i t y  commonly r e f e r r e d  
t o  a s  a  g e o m e t r i c a l  i n s t a b i l i t y .  T h i s  i n s t a b i l i t y  i s  c a u s e d  by 
s o l i d  r e a c t i o n  p r o d u c t  im p e d in g  t h e  l o s s  o f  h e a t  f rom t h e  p a r t i c l e ,  
r e s u l t i n g  i n  an  u n e v en  movement o f  t h e  r e a c t i o n  i n t e r f a c e .  T h i s  t y p e  
o f  t h e r m a l  i n s t a b i l i t y  h a s  a l o c a l i z e d  e f f e c t .  Any ch an g e  i n  t e m p e r a ­
t u r e  ( r e a c t i o n  r a t e )  o c c u r s  a t  a p o i n t  on t h e  r e a c t i o n  i n t e r f a c e  and 
c a u s e s  an u n e v e n  g ro w th  o f  t h e  l a y e r  o f  s o l i d  p r o d u c t .
Cannon and Denb igh  ( 2 2 , 2 3 )  were among t h e  f i r s t  t o  a c c o u n t  f o r  
t e m p e r a t u r e  r i s e  i n  t h e  p e l l e t  due t o  a  h i g h l y  e x o t h e r m i c  r e a c t i o n .  
T h e y  c a l c u l a t e d  and m easu red  t e m p e r a t u r e  r i s e s  d u r i n g  t h e  o x i d a t i o n  
o f  ZnS c r y s t a l s  o f  up  t o  20°C a t  900°C .  Both  fo rm s  o f  t h e r m a l  
i n s t a b i l i t y  were  a l s o  d i s c u s s e d .
Shen and S n i t h  ( 1 6 ) ,  i n  a p a p e r  p r e v i o u s l y  m e n t io n e d  f o r  t h e  
i s o t h e r m a l  d e v e lo p m e n t  o f  an  u n r e a c t e d - c o r e  m o d e l ,  a l s o  d e v e l o p e d  a 
n o n i s o t h e r m a l  m o d e l .  I t  was assumed t h a t  t h e  o v e r a l l  p a r t i c l e  s i z e  
was c o n s t a n t ,  t h e  r e a c t i o n  was  i r r e v e r s i b l e ,  e n e r g y  t r a n s f e r  by  r a d i a ­
t i o n  was n e g l i g i b l e  and t h a t  v a r i a t i o n s  i n  e f f e c t i v e  d i f f u s i v i t y  and
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c o n c e n t r a t i o n  w i t h  t e m p e r a t u r e  w ere  n e g l i g i b l e  f o r  t h e  t e m p e r a t u r e  
d i f f e r e n c e  a c r o s s  t h e  p r o d u c t  l a y e r .  T h e rm a l  i n s t a b i l i t y  was d i s c u s s e d  
and  a p p r o x i m a t e  c r i t e r i a  were  d e v e l o p e d  f o r  t h e  l i m i t s  o f  t h e  u n s t a b l e  
r e g i o n .  A r i s  (2 4 )  showed t h a t  t h e  a p p r o x i m a t e  i n s t a b i l i t y  c r i t e r i o n  
o f  Shen  and Smith  may b e  made p r e c i s e  a t  t h e  e x p e n s e  o f  r e l a t i v e l y  
l i t t l e  added  c a l c u l a t i o n  u s i n g  a g r a p h  s i m i l a r  t o  t h o s e  u sed  f o r  
s t a b i l i t y  e s t i m a t e s  o f  s t i r r e d  t a n k  r e a c t o r s  p u b l i s h e d  by  R e g e n a s s  
and  A r i s  ( 2 5 ) .
T h e m e l i s  and Y a n n o p o u l i s  (2 6 )  m easu red  t h e  v a r i a t i o n  i n  p e l l e t  
t e m p e r a t u r e  f o r  t h e  r e d u c t i o n  o f  c u p r i c  o x i d e  w i t h  h y d r o g e n .  T h i s  
was done b y  embedding  v e r y  f i n e ,  0 . 0 0 2  in c h  d i a m e t e r ,  t h e r m o c o u p l e s  
i n  t h e  c e n t e r  and a t  t h e  s u r f a c e  o f  t h e  s p h e r i c a l  p a r t i c l e .  Tem pera ­
t u r e  i n c r e a s e s  from an  i n i t i a l  t e m p e r a t u r e  o f  a b o u t  250°C t o  a 
maximum t e m p e r a t u r e  o f  a b o u t  950°C were  r e c o r d e d  i n  a p p r o x i m a t e l y  
one  m i n u t e .  T e m p e r a t u r e  d i f f e r e n c e s  b e tw ee n  t h e r m o c o u p l e s  were 
s m a l l  i n  c o m p a r i s o n  t o  t o t a l  t e m p e r a t u r e  r i s e .  T h e s e  e x p e r i m e n t s  
w ere  d e s i g n e d  such  t h a t  h e a t  and  mass  t r a n s f e r  phenomena p l a y e d  t h e  
p r e d o m i n a n t  r o l e .
I s h i d a  and  Wen (27)  d e v e l o p e d  b o t h  an i s o t h e r m a l  and n o n i s o t h e r m a l  
u n r e a c t e d  c o r e  m o d e l .  They  assumed a f i r s t  o r d e r ,  i r r e v e r s i b l e ,  
i n t r i n s i c  r e a c t i o n  r a t e ,  and i n c l u d e d  e x t e r n a l  and  i n t e r n a l  mass  
t r a n s f e r  r e s i s t a n c e s .  E f f e c t i v e  d i f f u s i v i t y  was c a l c u l a t e d  a s  an  
e x p o n e n t i a l  f u n c t i o n  o f  t h e  u n r e a c t e d  c o re  t e m p e r a t u r e *  r a d i a t i v e  h e a t  
t r a n s f e r  was n e g l e c t e d .  The  e f f e c t i v e n e s s  f a c t o r  c o n c e p t  o f  h e t e r o ­
g e n e o u s  c a t a l y s i s  was a p p l i e d  d e f i n i n g  i t  a s  t h e  a c t u a l  r e a c t i o n  r a t e
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d i v i d e d  by  t h e  r a t e  w h ich  would e x i s t  i f  t h e  r e a c t i o n  i n t e r f a c e  
g a s  c o n c e n t r a t i o n s  and t e m p e r a t u r e  were  t h e  same a s  t h e  b u l k  g a s .
T h e  e f f e c t i v e n e s s  f a c t o r  was u s e d  t o  a n a l y z e  t h e  i n s t a b i l i t y  o b s e r v e d  
b y  Cannon and D e n b ig h .  I s h i d a  and Wen e r r o n e o u s l y  c o n c lu d e d  t h a t  an  
u n s t a b l e  movement o f  t h e  r e a c t i o n  i n t e r f a c e  o c c u r s  e v e n  i n  i s o t h e r m a l  
s y s t e m s .  N e l s o n  (2 8 )  p o i n t e d  o u t  t h a t  t h i s  e r r o n e o u s  c o n c l u s i o n  
was t h e  r e s u l t  o f  a m i s i n t e r p r e t a t i o n  o f  t h e  t i m e  d e p e n d e n t  c o n c e n ­
t r a t i o n  p r o f i l e  w i t h i n  a r e a c t i n g  p a r t i c l e .
B e v e r i d g e  and G o l d i e  (2 9 )  d e v e l o p e d  a  model a l o n g  t h e  same l i n e s  
a s  I s h i d a  and Wen, The  p r i m a r y  d i f f e r e n c e s  i n  t h e  two m o d e ls  w ere  
t h a t  B e v e r i d g e  and G o l d i e  a l l o w e d  f o r  a r e v e r s i b l e  r e a c t i o n ,  non-  
e q u i m o l a r  c o u n t e r d i f f u s i o n ,  and  t h e  i n c l u s i o n  o f  t h e  a c c u m u l a t i o n  
t e r m  i n  t h e  e n e r g y  b a l a n c e .  They  came t o  t h e  same e r r o n e o u s  c o n c l u s i o n  
c o n c e r n i n g  t h e  p r e s e n c e  o f  an  i s o t h e r m a l  i n s t a b i l i t y  a s  I s h i d a  and 
Wen.
L u s s  and Amundson (3 0 )  s u g g e s t e d  two m e th o d s  t o  d e t e r m i n e  t h e  
maximum t e m p e r a t u r e  r i s e  i n  a  s p h e r i c a l  p e l l e t  f o r  g a s - s o l i d  r e a c t i o n s .  
T h e  o v e r a l l  r a t e  was  d e s c r i b e d  by  a d i f f u s i o n  c o n t r o l l e d  u n r e a c t e d - c o r e  
m o d e l .  The f i r s t  model  a ssu m es  t h e  t e m p e r a t u r e  i n s i d e  t h e  p a r t i c l e  
i s  u n i f o r m .  T h i s  a s s u m p t i o n  i s  v a l i d  where  t h e  t h e r m a l  r e s i s t a n c e  o f  
t h e  p a r t i c l e  i s  v e r y  s m a l l  compared  t o  t h e  h e a t  t r a n s f e r  r e s i s t a n c e  
b e tw e e n  t h e  g a s  and t h e  s o l i d .  The s econd  model i s  more r e f i n e d  
and d o e s  n o t  assume a u n i f o r m  p a r t i c l e  t e m p e r a t u r e .  I t  i n c l u d e s  t h e  
e f f e c t  o f  t h e  t h e r m a l  r e s i s t a n c e  o f  t h e  p e l l e t .  I n  an  example  o f  
t h e  c o m b u s t io n  o f  coke i n  a t y p i c a l  c r a c k i n g  c a t a l y s t ,  i t  was shown 
t h a t  a  t e m p e r a t u r e  r i s e  o f  a b o u t  250°C b e tw e e n  f l u i d  and p a r t i c l e
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c o u l d  be  e x p e c t e d  w here  c a l c u l a t i o n s  b a s e d  on  t h e  p r e v i o u s  Damkohler 
method would  p r e d i c t  a r i s e  o f  l e s s  t h a n  two d e g r e e s  ( 3 0 ) ,
N a t e s a n  and P h i l b r o o k  ( 3 1 , 3 2 )  d e r i v e d  a model t o  a l l o w  f o r  
t e m p e r a t u r e  v a r i a t i o n  w i t h i n  a p a r t i c l e  u n d e r g o i n g  r e a c t i o n .  The model 
was  a p p l i e d  t o  t h e  r o a s t i n g  o f  z i n c  s u l f i d e  and v e r y  good a g re em e n t  
was o b t a i n e d  b e tw e e n  t h e o r e t i c a l  p r e d i c t i o n  and e x p e r i m e n t a l  o b s e r v a ­
t i o n ,  No t h e r m a l  i n s t a b i l i t i e s  were  found o r  p r e d i c t e d ,  n o r  were any  
i n t e r n a l  t e m p e r a t u r e  g r a d i e n t s  p r e s e n t .  The  d i f f u s i o n  o f  t h e  r e a c t a n t  
g a s  a c r o s s  t h e  a sh  l a y e r  was found  t o  be  r a t e  c o n t r o l l i n g .
Wen and Wang (3 3 )  examined  t h e  t h e r m a l  and d i f f u s i o n a l  e f f e c t s  
o f  s o l i d - g a s  r e a c t i o n s  b a se d  on an  u n r e a c t e d - c o r e  m o d e l .  T h i s  p a p e r  
i s  v e r y  s i m i l a r  i n  a p p r o a c h  t o  t h a t  o f  I s h i d a  and Wen which was d i s c u s e d  
e a r l i e r .
S e v e r a l  o t h e r  n o n i s o t h e r m a l ,  u n r e a c t e d - c o r e ,  s o l i d - g a s  r e a c t i o n  
s t u d i e s  a r e  i n  t h e  l i t e r a t u r e ,  C o s t a  and Smith  (34 )  s t u d i e d  t h e  h y d r o -  
f l u o r i n a t i o n  o f  u ra n iu m  d i o x i d e .  Rao and Abraham (3 5 )  examined t h e  
o x i d a t i o n  r a t e  o f  c u p r o u s  s u l f i d e  and Wang and Wen (3 6 )  s t u d i e d  t h e  
c o m b u s t io n  o f  a g g l o m e r a t e d  c a r b o n - f i r e  c l a y  s p h e r e s .  A l l  t h r e e  o f  
t h e s e  r e a c t i o n  s t u d i e s  u s e d  embedded t h e r m o c o u p l e s  t o  m o n i t o r  t h e  
t e m p e r a t u r e  o f  t h e  p e l l e t .
S i m u l t a n e o u s  r e a c t i o n s *  O t h e r  t h a n  two p a p e r s  by  Wen and Wei 
( 3 7 , 3 8 ) ,  v e r y  l i t t l e  work h a s  b e e n  p u b l i s h e d  on s i m u l t a n e o u s  non­
c a t a l y t i c  s o l i d - g a s  r e a c t i o n s .  Wen and Wei exam ined  t h r e e  t y p e s  o f  
s i m u l t a n e o u s  r e a c t i o n s  — i n d e p e n d e n t ,  p a r a l l e l ,  and c o n s e c u t i v e  — i n  
t e r m s  o f  s e l e c t i v i t y  and t h e  e f f e c t i v e n e s s  f a c t o r  b a s e d  on t h e  u n r e a c t e d -  
c o r e  m o d e l .  The  e f f e c t s  o f  d i f f u s i o n  and i n t r i n s i c  r e a c t i o n  r a t e  were
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d i s c u s s e d ,  and c r i t e r i a  f o r  h i g h  s e l e c t i v i t i e s  were d e r i v e d .  The  f i r s t  
p a p e r  a l l o w e d  f o r  n t h  o r d e r  r a t e  e x p r e s s i o n s ,  b u t  was r e s t r i c t e d  t o  
i s o t h e r m a l  c o n d i t i o n s .  The  second  p a p e r  was r e s t r i c t e d  t o  f i r s t  
o r d e r  k i n e t i c s ,  b u t  a l l o w e d  f o r  n o n i s o t h e r m a l  c o n d i t i o n s .
V o l u m e t r i c  mnHai. When t h e  s o l i d  p a r t i c l e  i s  v e r y  p o r o u s  and t h e  
f l u i d  r e a c t a n t  c a n  d i f f u s e  f r e e l y  i n t o  t h e  i n t e r i o r  o f  t h e  p a r t i c l e ,  
t h e  u n r e a c t e d - c o r e  model i s  no l o n g e r  a p p l i c a b l e .  I n  s u ch  c a s e s ,  t h e  
r e a c t i o n  b e tw e e n  f l u i d  and s o l i d  may t a k e  p l a c e  t h r o u g h o u t  t h e  s o l i d  
p a r t i c l e .  The v o l u m e t r i c  model was i n t r o d u c e d  t o  d e s c r i b e  such  s i t u a ­
t i o n s .  I n  t h e  v o l u m e t r i c  m o d e l ,  a s  shown i n  F i g u r e  I I - 2 ,  t h e  s o l i d  
p a r t i c l e  may be  c o n s i d e r e d  a s  an  ensem ble  o f  much s m a l l e r  p a r t i c l e s  
o f  r e a c t a n t  d i s t r i b u t e d  hom ogeneous ly  t h r o u g h o u t  t h e  s o l i d  p h a s e .  
R e a c t i o n  r a t e s  a t  d i f f e r e n t  l o c a t i o n s  w i t h i n  t h e  s o l i d  may v a r y  d e p e n d ­
i n g  upon  g a s  c o n c e n t r a t i o n  g r a d i e n t s  i n d u c e d  by  d i f f u s i o n a l  e f f e c t s .
The  v o l u m e t r i c  model i s  som et im es  r e f e r r e d  t o  a s  t h e  "homogeneous 
m o d e l , "  t h e  " c o n t i n u o u s - r e a c t i o n  m o d e l , "  t h e  " d i s p e r s e d - s o l i d  m o d e l , "  
and  o t h e r  s i m i l a r  names .
R e a c t i o n s  w h ich  d i d  n o t  o c c u r  a t  a s h a r p  i n t e r f a c e  have  b e e n  
o b s e r v e d  e x p e r i m e n t a l l y  by  Weisz and Goodwin ( 2 , 3 )  and C o s t a  and 
S m i th  ( 3 4 ) .  T h e s e  o b s e r v a t i o n s  w e re  a t  r e l a t i v e l y  low t e m p e r a t u r e s  
w here  t h e  i n t r i n s i c  r e a c t i o n  r e s i s t a n c e  was s i g n i f i c a n t .  Weisz and 
Goodwin i n v e s t i g a t e d  t h e  r e g e n e r a t i o n  o f  coked c a t a l y s t  w h i l e  C o s t a  
and S m i th  s t u d i e d  t h e  h y d r o f l u o r i n a t i o n  o f  u ra n iu m  d i o x i d e .  In  
t h e s e  s t u d i e s  t h e  r e a c t i o n  o c c u r r e d  u n i f o r m l y  t h r o u g h o u t  t h e  p a r t i c l e  
when the- c h e m i c a l  r e a c t i o n  c o n t r o l l e d ,  i n  a zone w i t h  a f i n i t e  t h i c k ­
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a nd  a p p r o a c h e d  t h e  i n t e r f a c e  r e a c t i o n  o f  t h e  u n r e a c t e d - c o r e  model  a s  
i n t e r n a l  d i f f u s i o n  became t h e  c o n t r o l l i n g  r e s i s t a n c e .  Weisz  and 
Goodwin o b s e r v e d  a l l  t h r e e  r e g i o n s  w h i l e  C o s t a  and  Sm i th  o n l y  saw t h e  
l a t t e r  tw o .
The m a t h e m a t i c a l  b a s i s  f o r  t h e  v o l u m e t r i c  model was f i r s t  p r o ­
v i d e d  by  Ausman and Watson  (39)  i n  1962 .  In  t h e i r  s t u d y  o f  coked  
c a t a l y s t  r e g e n e r a t i o n  t h e y  made a l l o w a n c e  f o r  e x t e r n a l  mass  t r a n s f e r  
and  assumed an i s o t h e r m a l  s y s t e m  where  t h e  r e a c t i o n  i s  f i r&i ,  o r d e r  
w i t h  r e s p e c t  t o  t h e  l o c a l  p a r t i a l  p r e s s u r e  o f  oxygen  and i n d e p e n d e n t  
o f  t h e  amount o f  c a r b o n  p r e s e n t .  T h e y  r e c o g n i z e d  t h a t  t h i s  i n d e p e n ­
d e n c e  o f  t h e  r e a c t i o n  r a t e  f rom  t h e  amount o f  c a r b o n  p r e s e n t  was 
o n l y  an  a p p r o x i m a t i o n ,  b u t  assumed i t  i n  o r d e r  t o  o b t a i n  a m a n ag e a b le  
s o l u t i o n  t o  t h e  m a t h e m a t i c a l  e q u a t i o n s .  T h e i r  s o l u t i o n  can  be 
r e d u c e d  t o  an  u n r e a c t e d - c o r e  t y p e  r e a c t i o n  when i n t e r n a l  d i f f u s i o n  i s  
r a t e  c o n t r o l l i n g ,  and  t o  a u n i f o r m  r e a c t i o n  t h r o u g h o u t  t h e  p a r t i c l e  
when t h e  c h e m i c a l  r e a c t i o n  i s  c o n t r o l l i n g .  I n  t h e  i n t e r m e d i a t e  
r e g i o n  where  b o t h  i n t e r n a l  d i f f u s i o n  and  i n t r i n s i c  r e a c t i o n  r a t e  a r e  
i m p o r t a n t ,  t h e  s o l u t i o n  was l e f t  i n  t h e  form o f  an  i n t e g r a l  w h ich  had 
t o  be e v a l u a t e d  n u m e r i c a l l y .
L a c e y  e t  a l .  (40 )  c o n s i d e r e d  a r e a c t i o n  o f  c l a s s  D (n o  p r o d u c t  
g a s )  i n  a p o r o u s  i n f i n i t e  s l a b .  The r e a c t i o n  was assumed t o  be f i r s t  
o r d e r  w i t h  r e s p e c t  t o  b o t h  r e a c t a n t s ,  t h e  s o l i d  and t h e  g a s .  T h e y  
p o i n t e d  o u t  t h a t  t h e  i n t e r n a l  d i f f u s i o n  and c h e m i c a l  r e a c t i o n  
r e s i s t a n c e s  were  c o n s i d e r e d  t o  be i n  p a r a l l e l  i n  t h i s  m o d e l ,  n o t  i n  
s e r i e s  a s  i n  t h e  u n r e a c t e d - c o r e  m o d e l .  The s o l u t i o n  t o  t h e  e q u a t i o n s  
wore  p e r f o r m e d  n u m e r i c a l l y .
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I s h i d a  and  Wen (4 1 )  showed how a n  a n a l y t i c a l  s o l u t i o n  c o u l d  be  
o b t a i n e d  t o  Ausman and  W a t s o n ' s  i n t e g r a l  and found  t h e  r e l a t i o n s h i p  
b e t w e e n  t h e  r a t e  c o n s t a n t s  o f  t h e  u n r e a c t e d - c o r e  model  and t h e  v o l u ­
m e t r i c  m o d e l .  T h e i r  a n a l y s i s  a l l o w e d  f o r  r e v e r s i b l e  r e a c t i o n s  and 
showed t h a t  t h e  i n i t i a l  g l o b a l  r a t e  d e p e n d s  n o t  o n l y  on t h e  i n t r i n s i c  
r a t e  c o n s t a n t ,  b u t  a l s o  on t h e  e f f e c t i v e  d i f f u s i v i t y .  The e f f e c t i v e n e s s  
f a c t o r  c o n c e p t  was  i n t r o d u c e d  i n  t h i s  p a p e r .
Wen ( l )  e x t e n d e d  Ausman and W a t s o n ' s  t r e a t m e n t  t o  i n c l u d e  i n t r i n s i c  
r a t e s  o f  o r d e r  n w i t h  r e s p e c t  t o  g a s  c o n c e n t r a t i o n  and o r d e r  m w i t h  
r e s p e c t  t o  s o l i d  c o n c e n t r a t i o n .  A l low ance  was made f o r  a v a r i a b l e  
e f f e c t i v e  d i f f u s i v i t y  a s  a f u n c t i o n  o f  p o r o s i t y  c h a n g e s  which  o c c u r  
d u r i n g  t h e  r e a c t i o n .  N u m e r ic a l  s o l u t i o n s  t o  t h e s e  e q u a t i o n s  were  
p r e s e n t e d .
C a l v e l o  and Cunningham ( 4 2 . 4 3 )  made t h e o r e t i c a l  s t u d y  o f  t h e  
i n f l u e n c e  o f  c h a n g e s  i n  t h e  s u r f a c e  a r e a  and e f f e c t i v e  d i f f u s i v i t y  i n  
a n  i s o t h e r m a l ,  i r r e v e r s i b l e  v o l u m e t r i c  r e a c t i o n  t h a t  i s  f i r s t  o r d e r  
w i t h  r e s p e c t  t o  g a s  and i n d e p e n d e n t  o f  s o l i d  c o n c e n t r a t i o n .  They  
o b t a i n e d  an a n a l y t i c a l  s o l u t i o n  t o  t h e i r  d i f f e r e n t i a l  e q u a t i o n s ,  b u t  
a c c o r d i n g  t o  E vans  ( 4 4 ) ,  t h e  second  p a p e r  c o n t a i n e d  " m a t h e m a t i c a l  
e r r o r s  . . .  s u f f i c i e n t l y  g r o s s  t o  i n v a l i d a t e  t h e  whole  p a p e r . ”
W i l l i a m s  e t  a l .  (4b )  p r o v i d e d  an  a n a l y t i c a l  s o l u t i o n  t o  t h e  
v o l u m e t r i c  model i n  t h e  " a s y m p t o t i c  r e g i o n  o f  t h e  e f f e c t i v e n e s s  
f a c t o r . "  (The  a s y m p t o t i c  r e g i o n  m e r e l y  i m p l i e s  a d i f f u s i o n  c o n t r o l l e d  
r e a c t i o n . )  The  i n f l u e n c e s  o f  v a r i a b l e  e f f e c t i v e  d i f f u s i v i t y  and 
s u r f a c e  a r e a  were  t a k e n  i n t o  a c c o u n t  and t h e  r e s u l t s  were  e x t e n d e d  t o  
n o n e q u i m o l a r  c o u n t e r d i f f u s i o n  and a n o n i s o t h e r m a l  s i t u a t i o n  w i t h
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e x t e r n a l  h e a t  and m ass  t r a n s f e r  r e s i s t a n c e s .  The  c h e m i c a l  r e a c t i o n  
r a t e  was assumed t o  b e  i n d e p e n d e n t  o f  s o l i d  c o n c e n t r a t i o n ,  b u t  n t h  
o r d e r  w i t h  r e s p e c t  t o  t h e  g a s .
G r a i n  m o d a l . The  g r a i n  m o d e l ,  l i k e  t h e  v o l u m e t r i c  m o d e l ,  i s  an  
a t t e m p t  t o  d e s c r i b e  s i t u a t i o n s  where  t h e  r e a c t i o n  d o e s  n o t  o c c u r  a t  a 
s h a r p  i n t e r f a c e .  I n  t h i s  m o d e l ,  a s  i l l u s t r a t e d  i n  F i g u r e  I I - 3 ,  t h e  
s o l i d  p a r t i c l e  i s  composed o f  s m a l l  b u t  h i g h l y  d e n s e  s p h e r i c a l  g r a i n s ,  
e a c h  o f  w h ich  r e a c t s  a c c o r d i n g  t o  t h e  u n r e a c t e d - c o r e  m o d e l .  The 
r e a c t a n t  g a s  i s  t r a n s p o r t e d  t o  t h e  p a r t i c l e * s  s u r f a c e  f rom  t h e  b u l k  
g a s  s t r e a m ,  d i f f u s e s  b e tw e e n  t h e  g r a i n s ,  and t h e n  t h r o u g h  a s o l i d  
p r o d u c t  l a y e r  w i t h i n  e a c h  g r a i n ,  and  r e a c t s  a t  t h e  r e a c t i o n  i n t e r ­
f a c e .  The p r o d u c t  g a s  d i f f u s e s  b a c k  t h r o u g h  t h e  s o l i d  p r o d u c t  l a y e r ,  
and  b e tw e e n  t h e  g r a i n s  b e f o r e  u n d e r g o i n g  a mass  t r a n s f e r  s t e p  i n t o  t h e  
b u l k  g a s  s t r e a m .  The r e a c t i o n  i n s i d e  t h e  g r a i n  may be assumed t o  be 
m ixed  c o n t r o l  o r  w i t h  e i t h e r  s o l i d  s t a t e  o r  m i c r o p o r e  d i f f u s i o n  
t h r o u g h  t h e  p r o d u c t  l a y e r  and c h e m i c a l  r e a c t i o n  a t  t h e  i n t e r f a c e  b e i n g  
c o n t r o l l i n g  s t e p s .  B e s i d e s  r e d u c i n g  t o  t h e  l i m i t i n g  c a s e s  o f  t h e  
homogeneous  and u n r e a c t e d - c o r e  m o d e l s ,  t h e  g r a i n  model i n c o r p o r a t e s  
i m p o r t a n t  v a r i a b l e s  such  a s  p a r t i c l e  a n d / o r  g r a i n  p o r o s i t y ,  g r a i n  
s i z e ,  s o l i d  r e a c t i v i t y ,  and  d i f f u s i v i t y  i n  t h e  s o l i d - s t a t e  a s  w e l l  a s  
i n  t h e  g a s  i n t o  t h e  o v e r a l l  r e a c t i o n  d e s c r i p t i o n .  The g r a i n  model i s  
som et im es  r e f e r r e d  t o  a s  t h e  " m i c r o s c o p i c  s h r i n k i n g - c o r e  m o d e l , "  and 
t h e  " s p h e r i c a l  f i x e d  p a c k e d - b e d  m o d e l . "
The m a t h e m a t i c a l  a p p r o a c h  t o  t h e  g r a i n  model was  o u t l i n e d  by 
B a r n e r  e t  a l .  ( 4 6 )  i n  d e s c r i b i n g  t h e  r e d u c t i o n  o f  i r o n  o x id e  i n  a 
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t h i s  a n a l y s i s  was f o r  an  I n t e g r a l  r e a c t o r ,  t h e  d e r i v e d  e q u a t i o n s  a r e  
s i m i l a r  t o  t h o s e  f o r  a s i n g l e  p e l l e t  w i t h  many g r a i n s ,
S z e k e l y  and Evans  ( 4 7 , 4 8 , 4 9 , 6 0 )  u s e d  an  a n a l y s i s  s i m i l a r  t o  
B a r n e r  e t  a l . ,  b u t  a p p l i e d  i t  t o  a s i n g l e  p a r t i c l e  composed o f  g r a i n s  
i n s t e a d  o f  a r e a c t o r  f i l l e d  w i t h  p a r t i c l e s .  T hey  assumed a f i r s t  
o r d e r  r e v e r s i b l e  r e a c t i o n  w i t h  r e s p e c t  t o  g a s ,  no d i f f u s i o n a l  r e s i s t a n c e  
i n  t h e  p r o d u c t  l a y e r  o f  e a c h  g r a i n ,  and t h a t  t h e  p o r o u s  m a t r i x  o f  t h e  
p a r t i c l e  was n o t  changed  by  t h e  r e a c t i o n .  E x t e r n a l  m ass  t r a n s f e r ,  
d i f f u s i o n  b e tw e e n  g r a i n s ,  and n o n i s o t h e r m a l  b e h a v i o r  were  t a k e n  i n t o  
a c c o u n t .  G r a i n  s i z e  was e x p e r i m e n t a l l y  m e a s u r e d .  The model was 
u s e d  t o  d e s c r i b e  t h e  r e d u c t i o n  o f  n i c k e l  o x i d e  b y  h y d ro g e n  and p r e d i c t e d  
f r a c t i o n a l  c o n v e r s i o n - t i m e  c u r v e s  c l o s e l y  a p p r o x im a te d  t h e  e x p e r i m e n t a l  
d a t a .
I s h i d a  and Wen ( 6 1 , 5 2 )  p u b l i s h e d  two p a p e r s  co m p ar in g  t h e  v o l u ­
m e t r i c  and t h e  g r a i n  m o d e l .  They  i n t r o d u c e d  t h e  c o n c e p t  o f  an
e q u i v a l e n t  r a t e  c o n s t a n t  b a s e d  on t h e  u n r e a c t e d - c o r e  model and p r e ­
s e n t e d  e a c h  r e a c t i o n  model i n  t e r m s  o f  e q u i v a l e n t  c h a r a c t e r i s t i c  
p a r a m e t e r s .  The f i r s t  p a p e r  was l i m i t e d  t o  i s o t h e r m a l  r e a c t i o n  
s y s t e m s  and t h e  s ec o n d  p a p e r  e x t e n d e d  t h i s  a n a l y s i s  t o  i n c l u d e  non-  
i s o t h e r m a l  c a s e s .
P a p a n a s t a s s i o u  and B i t s i a n e s  (63)  r e v i e w e d  t h e  d e v e lo p m en t  o f  t h e  
g r a i n  model  and i n c l u d e d  s o l i d - s t a t e  d i f f u s i o n  w i t h i n  t h e  p r o d u c t  
l a y e r  o f  a  g r a i n  a s  a r e s i s t a n c e  i n  t h e  m o d e l .
Wen and I s h i d a  (54)  a p p l i e d  t h e  g r a i n  model  t o  t h e  r e a c t i o n  o f
p e l l e t i z e d  c a l c i u m  o x i d e  and s u l f u r  d i o x i d e .  T h e y  a l s o  i n t r o d u c e d  a 
m ethod  o f  c a l c u l a t i n g  an a v e r a g e  g r a i n  r a d i u s  b a s e d  on s p e c i f i c  
s u r f a c e  a r e a ,  p e l l e t  p o r o s i t y ,  and p a r t i c l e  d e n s i t y .
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O t h e r  m o d e l s .  S e v e r a l  o t h e r  m o d e l s  have  b e e n  u s e d  t o  d e s c r i b e  
g a s ~ s o l l d  r e a c t i o n s .  The  p o r o u s  p e l l e t  m o d e l ,  i n t r o d u c e d  b y  P e t e r s o n  
( 5 5 )  i n  1957 ,  assumed t h a t  t h e  r e a c t i o n  t a k e s  p l a c e  on t h e  s u r f a c e  
o f  many c y l i n d r i c a l  p o r e s .  The p o r e s  were  i n i t i a l l y  o f  u n i f o r m  
r a d i u s  and i n t e r s e c t e d  e a c h  o t h e r  r a n d o m ly .  T h i s  model h a s  t h e  
c a p a b i l i t y  o f  p r e d i c t i n g  o v e r a l l  r e a c t i o n  r a t e s  w h ich  i n c r e a s e  f o r  
a s h o r t  p e r i o d  a f t e r  t h e  r e a c t i o n  s t a r t s .  The s u r f a c e  a r e a  a v a i l a b l e  
f o r  r e a c t i o n  a t  f i r s t  i n c r e a s e s  due  t o  t h e  i n c r e a s i n g  r a d i u s  o f  t h e  
p o r e s  and  t h e n  d e c r e a s e s  due  t o  t h e  s h o r t e n i n g  o f  t h e  a c t u a l  l e n g t h  
o f  t h e  p o r e  a s  t h e  i n t e r s e c t i o n  b e tw e e n  p o r e s  e n l a r g e .  S e v e r a l  o f  
t h e  p a p e r s  ( 4 3 , 4 5 , 5 1 , 5 2 )  r e v i e w e d  above d i s c u s s  t h i s  m o d e l .  S z e k e l y  
and  Evans  (4 7 )  p r o p o s e d  a s i m i l a r  p o r o u s  p e l l e t  model b u t  r e s t r i c t e d  
t h e i r  model t o  p a r a l l e l  p o r e s .
A n o th e r  model ( 5 3 , 5 6 , 5 7 )  which h a s  b e e n  i n t r o d u c e d  i s  a s i m p l e  
m o d i f i c a t i o n  o f  t h e  u n r e a c t e d - c o r e  model t o  a l l o w  f o r  a n a r ro w  r e a c t i o n  
zone  b e tw ee n  t h e  a sh  l a y e r  and t h e  u n r e a c t e d  c o r e .  The v a r i a t i o n s  
o f  t h e  c o n c e n t r a t i o n s  t h r o u g h  t h e  r e a c t i o n  zone i s  u s u a l l y  assumed 
t o  be l i n e a r .  T h i s  model h a s  b e e n  c a l l e d  t h e  " d i f f u s e  i n t e r f a c e  
m ode l"  and t h e  " m o d i f i e d  u n r e a c t e d - c o r e - s h r i n k i n g  m o d e l . "
In  C h a p t e r  I I I ,  t h e  t h r e e  m a j o r  m o d e ls  r e v i e w e d  i n  t h i s  c h a p t e r ,  
t h e  u n r e a c t e d  c o r e ,  t h e  v o l u m e t r i c ,  and t h e  g r a i n  m o d e l s ,  a r e  
a n a l y z e d  m a t h e m a t i c a l l y .  The  r e s u l t s  o b t a i n e d  from t h e  a p p l i c a t i o n  
o f  t h e s e  m o d e l s  t o  t h e  Ha S/ZnO, COS/ZnO, and  Hs S/COS/ZnO r e a c t i o n  
s y s t e m s  a r e  compared  i n  s u b s e q u e n t  c h a p t e r s .
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CHAPTER I I I
MATHEMATICAL DEVELOPMENT OF NONCATALYTIC 
SOLID-GAS REACTION MODELS
The p u r p o s e  o f  t h i s  c h a p t e r  i s  t o  p r e s e n t  t h e  m a t h e m a t i c a l  d e v e l o p '  
ment  f o r  t h r e e  o f  t h e  s o l i d - g a s  r e a c t i o n  m o d e l s  p r e v i o u s l y  r e v i e w e d  
and t o  d e m o n s t r a t e  t h e  r e l a t i o n s h i p  b e tw ee n  t h e s e  m o d e l s .  D e v e lo p ­
ment i s  l a r g e l y  l i m i t e d  t o  t h e  i s o t h e r m a l  c a s e .  The g e n e r a l  e q u a t i o n s  
o f  c o n s e r v a t i o n  o f  mass  f o r  b o t h  t h e  r e a c t i n g  g a s  and s o l i d  s p e c i e s  a r e  
p r e s e n t e d  f o r  t h e  f o l l o w i n g  r e a c t i o n  sys tem*
aA A (gas )  +  ag  S ( s o l i d )  -• Gas a n d / o r  S o l i d  P r o d u c t s  ( I l l - l )
where  and  a g  a r e  s t o i c h i o m e t r i c  c o e f f i c i e n t s  which  a r e  n e g a t i v e  
numbers  f o r  r e a c t a n t s .  From t h e s e  g e n e r a l  e q u a t i o n s  t h e  u n r e a c t e d  
c o r e ,  t h e  v o l u m e t r i c ,  and t h e  g r a i n  m o d e ls  a r e  d e r i v e d ,
A s p e c i a l  c a s e  o f  t h e  u n r e a c t e d  c o r e  model  i s  s o l v e d  a n a l y t i c a l l y  
w h i l e  t h e  v o l u m e t r i c  and t h e  g r a i n  m o d e ls  a r e  l e f t  i n  a form w hich  
r e q u i r e s  n u m e r i c a l  s o l u t i o n .  More a t t e n t i o n  i s  g i v e n  t o  t h e  u n r e a c t e d  
c o r e  model  b e c a u s e  t h e  a n a l y t i c a l  s o l u t i o n  may be m a n i p u l a t e d  t o  demon­
s t r a t e  d i f f e r e n t  r a t e  c o n t r o l l i n g  f a c t o r s  and t o  y i e l d  d i r e c t l y  e x p e r i ­
m e n t a l  e s t i m a t e s  o f  r e a c t i o n  p a r a m e t e r s  su ch  a s  e f f e c t i v e  d i f f u s i v i t y  
and r a t e  c o n s t a n t s .  T h e s e  p a r a m e t e r  e s t i m a t e s  a r e  t r e a t e d  i n  d e t a i l  
n e a r  t h e  end  o f  t h i s  c h a p t e r ,
A r e l a t i o n s h i p  i s  d e v e l o p e d  w hich  c an  be u s e d  t o  e x p r e s s  t h e  
r e a c t i o n  r a t e  c o n s t a n t  o f  one model i n  t e r m s  o f  t h e  r a t e  c o n s t a n t  o f
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t h e  o t h e r  m o d e l s .  T h i s  a l l o w s  a d i r e c t  c o m p a r i s o n  o f  t h e  m o d e l s  by  
u t i l i z i n g  " e q u i v a l e n t ' 1 c h e m i c a l  r e a c t i o n  te rm s*
E q u a t i o n s  a r e  d e r i v e d  w h ic h  d e s c r i b e  two i n d e p e n d e n t  s i m u l t a ­
n e o u s  r e a c t i o n s  i n  t e r m s  o f  e a c h  o f  t h e  m ode ls*  T h e s e  e q u a t i o n s  
a r e  l e f t  i n  a form w hich  can  be  s o l v e d  n u m e r i c a l l y .
S im p le  e n e r g y  b a l a n c e s  a r e  d e v e l o p e d  t o  e s t i m a t e  t h e  maximum 
r i s e  i n  t e m p e r a t u r e  a c r o s s  t h e  g a s  f i l m  and i n s i d e  t h e  s o l i d  p a r t i c l e .  
No e x t e n s i v e  e f f o r t  i s  made i n  t h i s  a rea*
R e a c t i o n  Models
T h e s e  i s o t h e r m a l  n o n c a t a l y t i c  s o l i d - g a s  r e a c t i o n  m ode ls  a r e  
b a s e d  on t h e  s i m u l t a n e o u s  s o l u t i o n  o f  t h e  e q u a t i o n s  o f  c o n t i n u i t y  
f o r  t h e  r e a c t a n t  g a s  and s o l i d  s p e c i e s .  Model d i f f e r e n c e s  a r i s e  i n  
t h e  d i f f e r e n t  m a n n e r s  i n  w h ich  t h e  r e a c t i o n  t e r m  and t h e  b o u n d a ry  
c o n d i t i o n s  a r e  a p p l i e d .  The m a j o r  r e s i s t a n c e s  w hich  a r e  i n c o r p o r a t e d  
i n t o  a l l  t h r e e  m o d e ls  a r e  t h e  d i f f u s i o n a l  r e s i s t a n c e ,  b o t h  e x t e r n a l  
and i n t e r n a l  t o  t h e  s o l i d ,  and t h e  i n t r i n s i c ,  o r  t r u e  c h e m i c a l
r e s i s t a n c e .  I n  a d d i t i o n ,  t h e  e f f e c t  o f  c h a n g i n g  p o r o s i t y  on i n t e r n a l
d i f f u s i o n  and an i n t r a g r a n u l a r  s o l i d - s t a t e  d i f f u s i o n  r e s i s t a n c e  i s  
i n v e s t i g a t e d  i n  t h e  v o l u m e t r i c  and  g r a i n  m o d e l s ,  r e s p e c t i v e l y .  No
a t t e m p t  i s  made t o  h a n d l e  s u c h  t i m e - d e p e n d e n t  s o l i d  p r o p e r t i e s  a s
s i n t e r i n g ,  a b l a t i n g ,  c r a c k i n g ,  s p l i t t i n g ,  o r  s w e l l i n g .
The g e n e r a l  e q u a t i o n  o f  s p e c i e s  c o n t i n u i t y  a s  p r e s e n t e d  by  
B i r d ,  S t e w a r t ,  and L i g h t f o o t  ( l )  1 s t
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w h ere
C} = m o l a r  c o n c e n t r a t i o n  o f  s p e c i e s  i  
t  = t i m e
= m o l a r  f l u x  o f  s p e c i e s  i
= m o l a r  r a t e  o f  p r o d u c t i o n  o f  s p e c i e s  i  by  c h e m i c a l  r e a c t i o n
on a  vo lume b a s i s  
V* = v e c t o r  sym bol ism  f o r  d i v e r g e n c e ,  (.V'N^) i s  t h e  n e t  r a t e  o f  
m o l a r  e f f l u x  o f  s p e c i e s  i  p e r  u n i t  v o lu m e .
The  dom ain  o v e r  w h ich  t h e  c o n t i n u i t y  e q u a t i o n  i s  t o  be  a p p l i e d  i s
t h e  volume o f  a s i n g l e ,  p o r o u s ,  s p h e r i c a l  p a r t i c l e  s u s p e n d e d  i n  a
f l o w i n g  r e a c t a n t  g a s .  I n  i t s  g e n e r a l  form t h e  c o n t i n u i t y  e q u a t i o n  
may be a p p l i e d  t o  e i t h e r  t h e  g a s e o u s  o r  t h e  s o l i d  s p e c i e s  w i t h i n  
t h e  volume o f  t h e  p a r t i c l e .  C e r t a i n  s i m p l i f y i n g  a s s u m p t i o n s  a p p l y  
i n d i v i d u a l l y  t o  a s i n g l e  p h a s e ;  s i n c e  t h e s e  a s s u m p t i o n s  a r e  v a l i d  
f o r  a l l  t h r e e  m o d e l s ,  t h e y  a r e  ex am ined  i n  d e t a i l .
A s i m p l i f i c a t i o n  u s u a l l y  a p p l i e d  t o  t h e  g a s  p h a s e  e q u a t i o n  f o r  
s o l i d - g a s  r e a c t i o n  s y s t e m s  w i t h  f i n i t e  b o u n d a r i e s  i s  t h e  p s eu d o  
s t e a d y  s t a t e  a s s u m p t i o n .  T h i s  a s s u m p t i o n ,  w h ich  g r e a t l y  s i m p l i f i e s  
t h e  m a t h e m a t i c s  i s *
d c A
—  = o  . ( m - 3 )
The  a c c u r a c y  o f  t h e  a s s u m p t i o n  h a s  b e e n  c r i t i c a l l y  e v a l u a t e d  i n  t h e  
l i t e r a t u r e  ( 2 , 3 , 4 , 5 , 6 )  and i t  h a s  b e e n  found  t h a t  no  a p p r e c i a b l e  
e r r o r  o c c u r s  f o r  a s o l i d  t o  r e a c t a n t  g a s  m o l a r  d e n s i t y  r a t i o  g r e a t e r
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t h a n  1000 .  T h i s  r a t i o  i s  a c h i e v e d  i n  n e a r l y  a l l  s o l i d - g a s  s y s t e m s  
e x c e p t  t h o s e  o p e r a t i n g  a t  v e r y  h i g h  p r e s s u r e s .  F o r  a l l  e x p e r i m e n t a l  
c a s e s  i n  t h i s  work t h e  r a t i o  i s  g r e a t e r  t h a n  2 5 , 0 0 0 .  The r a t i o  would 
a l s o  be g r e a t e r  t h a n  1 ,0 0 0  f o r  a d e s u l f u r l r a t i o n  u n i t  i n  a COGAS-type 
p r o c e s s .
The  p h y s i c a l  s i g n i f i c a n c e  o f  t h e  p s eu d o  s t e a d y  s t a t e  a s s u m p t i o n  
may be v i s u a l i z e d  a s  f o l l o w s  f o r  t h e  v o l u m e t r i c  and g r a i n  m o d e l s .
The  volume o f  g a s e o u s  r e a c t a n t  w i t h i n  t h e  p o r e s  a t  any g i v e n  t i m e  i s  
n e g l i g i b l e ,  compared  w i t h  t h e  volume r e q u i r e d  t o  b r i n g  t h e  s o l i d  t o  
c o m p l e t e  r e a c t i o n .  Thus  t h e r e  i s  n e g l i g i b l e  a c c u m u l a t i o n  o f  g a s e o u s  
r e a c t a n t  w i t h i n  t h e  s o l i d .  I n  t h e  u n r e a c t e d  c o r e  model  t h e  s i g n i ­
f i c a n c e  c a n  m os t  e a s i l y  be  s e e n  f rom  t h e  f a c t  t h a t  t h e  r a t e  o f  
movement o f  t h e  r e a c t i n g  i n t e r f a c e  i s  v e r y  much s l o w e r  t h a n  t h e  
r a t e  o f  g a s e o u s  d i f f u s i o n  t o  t h e  i n t e r f a c e .  Thus  t h e  a c c u m u l a t i o n  
t e r m ,  w h ic h  m ig h t  be i n t r o d u c e d  i n  a more r i g o r o u s  a p p r o a c h ,  i s  
n e g l i g i b l e  compared  w i t h  t h e  r e a c t i o n  t e r m .  I t  s h o u l d  be m e n t io n e d  
a t  t h i s  p o i n t  t h a t  t h e  p s e u d o  s t e a d y  s t a t e  a s s u m p t i o n  i s  t h e  p r i m a r y  
d i f f e r e n c e  b e tw e e n  t h e  m o d e l i n g  o f  s o l i d - g a s  s y s t e m s  and s o l i d -  
l i q u i d  s y s t e m s .  The much g r e a t e r  m o l a r  d e n s i t y  o f  a l i q u i d  p r e v e n t s  
t h e  a s s u m p t i o n  f rom  b e i n g  v a l i d .
The m o l a r  f l u x  o f  s p e c i e s  A i n  a b i n a r y  g a s  s y s t e m  may be 
e x p r e s s e d  a s )
NA = -  c D/yj ?  y A + y A(NA + Nq ) ( I I I - 4 )
w here
c = t o t a l  m o l a r  c o n c e n t r a t i o n
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=  b i n a r y  m o l e c u l a r  d i f f u s i v i t y  f o r  s y s t e m  A-B 
yA =  mole  f r a c t i o n  o f  s p e c i e s  A 
Ng = m o l a r  f l u x  o f  s p e c i e s  B
V = v e c t o r  sym bol ism  f o r  d i f f e r e n t i a l ,  (v  y A) i s  t h e  
d i f f e r e n t i a l  o f  y A.
The  b u l k  f l o w  t e r m ,  Ya(Na + N g) ,  o f  e q u a t i o n  ( I I I —4 )  may be n e g l e c t e d  
when e i t h e r  t h e  m ole  f r a c t i o n  o f  component A i s  v e r y  s m a l l  o r  f o r  
e q u i m o l a r  c o u n t e r  d i f f u s i o n , i n  w h ic h  c a s e  NA = -Ns . A l l  g a s  s y s t e m s  
u n d e r  s t u d y  i n  t h i s  work i n v o l v e  e q u i m o l a r  c o u n t e r  d i f f u s i o n  a s  w e l l  
a s  low m ole  f r a c t i o n  o f  r e a c t i n g  s p e c i e s .  T h u s  t h e  b u l k  f l o w  t e r m  
may be n e g l e c t e d .
The d i f f u s i o n  t e r m ,  -  c v  y A, o f  e q u a t i o n  ( I I 1 - 4 )  m u s t  be 
m o d i f i e d  t o  a c c o u n t  f o r  lo w e r  d i f f u s i o n  r a t e s  c a u s e d  by  t h e  p o r e  
s t r u c t u r e  o f  t h e  s o l i d .  T h i s  i s  a c c o m p l i s h e d  by  r e p l a c i n g  t h e  
b i n a r y  m o l e c u l a r  d i f f u s i v i t y ,  w i t h  an e f f e c t i v e  d i f f u s i v i t y ,
DeA* The e f f e c t i v e  d i f f u s i v i t y  i n c l u d e s  b o t h  Knudsen  and m o l e c u l a r  
d i f f u s i o n  and a l s o  a c c o u n t s  f o r  t h e  r e d u c t i o n  i n  a r e a  f o r  d i f f u s i o n  
i n  a p o r o u s  medium and t h e  i n c r e a s e  i n  d i s t a n c e  which  t h e  d i f f u s i n g  
s p e c i e  must t r a v e l  due  t o  t h e  t o r t u o u s  n a t u r e  o f  t h e  p o r e  c h a n n e l s .
I n  an  e x p e r i m e n t a l l y  d e r i v e d  v a l u e  f o r  DeA any  s u r f a c e  d i f f u s i o n  
e f f e c t s  a r e  a l s o  i n c l u d e d .  However ,  s u r f a c e  d i f f u s i o n  r a t e s  c a n n o t  
be  p r e d i c t e d  ( 7 )  and a r e  t h e r e f o r e  n o t  found  i n  a n a l y t i c a l  m o d e ls  
f o r  e f f e c t i v e  d i f f u s i v i t y .  With  t h e  above s i m p l i f i c a t i o n s  and c h a n g e s  
t h e  m o l a r  f l u x  becomes  *
" a =  -  DeA *  CA .  ( H I - 9 )
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I n  s p h e r i c a l  c o o r d i n a t e s  t h e  c o n c e n t r a t i o n  o f  r e a c t a n t  g a s  i s  
c o n s i d e r e d  t o  be  a f u n c t i o n  o f  r a d i u s  o n l y .  Thus  t h e  e q u a t i o n  o f  
c o n t i n u i t y  f o r  t h e  g a s  p h a s e  i n  t h e  p o r e s  o f  t h e  s o l i d  p e l l e t  r e d u c e s  
t o i
b ’k  + 5a = °  <n i - 6 >
where
r  = r a d i a l  p o s i t i o n  w i t h i n  t h e  s o l i d  p e l l e t  
RA = m o l a r  r a t e  o f  p r o d u c t i o n  o f  g a s e o u s  r e a c t a n t  A by  c h e m i c a l  
r e a c t i o n  on a vo lume b a s i s .
With  t h e  g a s e o u s  e q u a t i o n  o f  c o n t i n u i t y  s i m p l i f i e d ,  a t t e n t i o n  
i s  now t u r n e d  t o  t h e  s i m p l i f i c a t i o n  o f  t h e  s o l i d  c o n t i n u i t y  e q u a t i o n .  
I n  t h e  s o l i d  p h a se  t h e r e  i s  no m o l a r  f l u x  o f  m a t e r i a l  and t h e  e q u a t i o n  
o f  c o n t i n u i t y  a p p l i e d  t o  t h e  s o l i d  p a r t i c l e  r e d u c e s  to *
dCs  -
— 7 * r s  ( I I I - 7 )
d t  9
w here
Cs = s o l i d  c o n c e n t r a t i o n  o r  b u l k  m o l a r  d e n s i t y  
Rg = m o l a r  r a t e  o f  p r o d u c t i o n  o f  s o l i d  r e a c t a n t  S by c h e m i c a l  
r e a c t i o n  on  a volume b a s i s .  R e l a t e d  t o  RA by*
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The above  a s s u m p t i o n s  a r e  common t o  a l l  t h e  m o d e l s  u t i l i z e d  i n  
t h i s  s t u d y .  E q u a t i o n s  ( I I 1 - 6 )  and ( I I I -"7) a r e  t h e  i n i t i a l  e q u a t i o n s  
f o r  e a c h  o f  t h e  f o l l o w i n g  d e r i v a t i o n s .
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U n r e a c t e d  Core  M o d a l . I n  t h e  u n r e a c t e d  c o r e  model t h e  r e a c t i o n  
i s  assumed t o  o c c u r  a t  a s u r f a c e *  I n i t i a l l y  t h e  r e a c t i o n  s u r f a c e  i s  
a t  t h e  o u t e r  edge  o f  t h e  s o l i d ,  b u t  a s  t h e  r e a c t i o n  p r o c e e d s ,  t h e  
s u r f a c e  moves i n t o  t h e  i n t e r i o r  l e a v i n g  b e h i n d  an  i n e r t  p r o d u c t  
l a y e r *  As t h e  r e a c t i o n  s u r f a c e  moves inw ard  an  u n r e a c t e d  c o r e ,  
w h ic h  s h r i n k s  w i t h  t i m e ,  i s  fo r m ed .  T h i s  model  i s  c o n c e p t u a l l y  
v a l i d  a s  l o n g  a s  t h e  s o l i d  r e a c t a n t  i s  n o n p o ro u s  o r  t h e  r e a c t i o n  
i s  c o n t r o l l e d  b y  i n t e r n a l  d i f f u s i o n .  The u n r e a c t e d  c o r e  model i s  
i l l u s t r a t e d  i n  F i g u r e  111*1 .  I n  t h i s  f i g u r e ,  a s  w e l l  a s  i n  t h e  
f o l l o w i n g  d i s c u s s i o n ,  t h e  s u b s c r i p t s  o ,  s ,  and c r e f e r  t o  i n i t i a l  
o r  b u l k  c o n d i t i o n s ,  c o n d i t i o n s  a t  t h e  p a r t i c l e  s u r f a c e ,  and c o n d i t i o n s  
a t  t h e  u n r e a c t e d  c o r e  s u r f a c e ,  r e s p e c t i v e l y .  The c o n c e n t r a t i o n  g r a d i e n t s  
shown i n  F i g u r e  I I I - l  r e p r e s e n t  a c a s e  where  e x t e r n a l  mass  t r a n s f e r ,  
i n t e r n a l  d i f f u s i o n ,  and i n t r i n s i c  r e a c t i o n  a l l  p l a y  a s i g n i f i c a n t  
r o l e  i n  t h e  g l o b a l  r a t e  o f  r e a c t i o n .  The g a s e o u s  r e a c t a n t  p r o f i l e  
shows a d e c r e a s e  i n  c o n c e n t r a t i o n  a c r o s s  b o t h  t h e  e x t e r n a l  b o u n d a r y  
l a y e r  and t h e  i n t e r n a l  p r o d u c t  l a y e r ;  y e t  t h e  c h e m i c a l  r e a c t i o n  i s  
n o t  f a s t  enough  t o  f o r c e  t h e  g a s  c o n c e n t r a t i o n  t o  z e r o  a t  t h e  c o r e  
s u r f a c e .  The s o l i d  c o n c e n t r a t i o n  p r o f i l e  i s  a s t e p  f u n c t i o n  showing  
c o m p le t e  c o n su m p t io n  o f  t h e  s o l i d  beyond t h e  c o r e  and no r e a c t i o n  
i n s i d e  t h e  c o r e .
The e q u a t i o n  o f  c o n t i n u i t y ,  a p p l i e d  t o  t h e  r e a c t a n t  g a s  i n  t h e  
p o r o u s  p r o d u c t  l a y e r ,  d o e s  n o t  i n c l u d e  t h e  r e a c t i o n  t e r m ,  R^, s i n c e  t h e  
r e a c t i o n  d o e s  n o t  o c c u r  w i t h i n  t h i s  l a y e r .  I n s t e a d ,  t h e  r e a c t i o n  
t e r m  becomes a b o u n d a r y  c o n d i t i o n .  I t  i s  assumed t h a t  t h e  p e l l e t  
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and t h a t  t h e  e f f e c t i v e  d i f f u s i v i t y ,  DeA, i s  c o n s t a n t .  With  t h e s e  
a s s u m p t i o n s  e q u a t i o n  ( I I I - 6 )  a p p l i e d  t o  t h e  u n r e a c t e d  c o r e  model 
becomes
on a s u r f a c e  a r e a  b a s i s ,  
kjjj^ -  mass  t r a n s f e r  c o e f f i c i e n t  o f  s p e c i e s  A from t h e  b u lk  g a s  
p h a s e  t o  t h e  s o l i d  s u r f a c e .
The p r e c e d i n g  e q u a t i o n s  w i l l  accommodate  any r e a c t i o n  r a t e  
e x p r e s s i o n  r a n g i n g  from s i m p l e  f i r s t  o r d e r  i r r e v e r s i b l e  t o  complex 
m u l t i c o n s t a n t  e x p r e s s i o n s  o f  t h e  Langm uir  t y p e .  However,  t h e  l a t t e r  
fo rm s  a r e  r a t h e r  i m p r a c t i c a l  when combined  w i t h  o t h e r  r e s i s t a n c e  
s t e p s  su ch  a s  p o r e  o r  f i l m  d i f f u s i o n .  The u n a v o i d a b l e  s c a t t e r  o f  
e x p e r i m e n t a l  d a t a  m a k es ,  i n  many i n s t a n c e s ,  t h e  v a l u e  o f  th e  c o n s t a n t s  
m e a n i n g l e s s .
( H I - 8 )
The  b o u n d a r y  c o n d i t i o n s  a r e *
a t  t h e  r e a c t i o n  s u r f a c e ,  r_v
and a t  t h e  e x t e r n a l  s u r f a c e ,  r s
^ n A ^ A o  " CAs) ( 1 1 1 - 1 0 )
where
Ra = m o l a r  r a t e  o f  p r o d u c t i o n  o f  s p e c i e s  A by c h e m i c a l  r e a c t i o n
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L e v e n s p i e l  ( 8 )  s u g g e s t s  t h e  u s e  o f  a f i r s t  o r d e r  I r r e v e r s i b l e  
o r  r e v e r s i b l e  r a t e  e q u a t i o n ,  an Nth o r d e r  i r r e v e r s i b l e  r a t e  e q u a t i o n ,  
and  o t h e r  s i m p l i f i e d  e x p r e s s i o n s  f o r  c a t a l y t i c  r e a c t i o n s  on a s o l i d  
s u r f a c e .  L e v e n s p i e l ' s  j u s t i f i c a t i o n  f o r  t h i s  s u g g e s t i o n ,  t h e  s c a t t e r  
i n  e x p e r i m e n t a l  d a t a ,  i s  a l s o  t r u e  f o r  n o n c a t a l y t i c  s o l i d - g a s  r e a c t i o n s .  
I n d e e d ,  t h e  v a s t  m a j o r i t y  o f  t h e  p a p e r s  r e v i e w e d  i n  t h e  p r e v i o u s  
c h a p t e r  found  t h a t  s i m p l e  r a t e  e x p r e s s i o n s  were  a d e q u a t e .  Due t o  
t h e  above a r g u m e n t s ,  e x p e r i m e n t a l  r e s u l t s  w h ich  w i l l  be d i s c u s s e d  
l a t e r ,  and t h e  e a s e  o f  o b t a i n i n g  a s im p le  a n a l y t i c a l  s o l u t i o n ,  a 
f i r s t  o r d e r  w i t h  r e s p e c t  t o  g a s  r a t e  e x p r e s s i o n  i s  a s sum ed .  The 
r a t e  e x p r e s s i o n  I s *
k s = r e a c t i o n  r a t e  c o n s t a n t  b a s e d  on t h e  s u r f a c e  a r e a  o f  t h e  
u n r e a c t e d  c o r e  
Csq = i n i t i a l  b u l k  c o n c e n t r a t i o n  o f  s o l i d  r e a c t a n t .
The  t e r m  C<j0 i s  a c o n s t a n t  f o r  a p a r t i c u l a r  p a r t i c l e  b u t  a l lo w s  for  
t h e  e f f e c t s  o f  v a r y i n g  am ounts  o f  s o l i d  i n e r t s  and c h a n g in g  p o r o s i t i e s  
o f  d i f f e r e n t  s o l i d  p a r t i c l e s  on t h e  r a t e  c o n s t a n t .  S u b s t i t u t i n g  
t h i s  r a t e  e x p r e s s i o n  i n t o  b o u n d a r y  c o n d i t i o n  y i e l d s
RA ~  aA k s C!So c Ac ( 1 1 1 - 1 1 )
w here
c
( I I I - 1 2 )
The  s o l u t i o n  t o  e q u a t i o n  {I I I —8) w i t h  t h e  b o u n d a r y  c o n d i t i o n s  
( I I I —10) and ( H I - 1 2 )  g i v e s  t h e  c o n c e n t r a t i o n  o f  A a t  any p o i n t  i n
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t h e  p r o d u c t  l a y e r
- £ a =
c Ao
1 - °eA
a A k s c So r c
1 _  -  1
2 DeA
i
i o (D >
1
1
a A k s ^So r c
_
r c kmA r s r s
( I I 1 -13)
and t h e  c o n c e n t r a t i o n  a t  t h e  r e a c t i o n  s u r f a c e
CAo a a ks CjSo r cM ks  c So r~c 7
kmA r s a DeA y 1 r s
I n  o r d e r  t o  d e t e r m i n e  t h e  t i m e  r e q u i r e d  t o  r e d u c e  t h e  u n r e a c t e d  
c o r e  f rom  r s t o  r c o r  t o  f r a c t i o n a l  c o n v e r s i o n ,  x ,  i t  i s  n e c e s s a r y  
t o  a p p l y  t h e  e q u a t i o n  o f  c o n t i n u i t y  t o  t h e  s o l i d  p h a s e .  U n l i k e  t h e  
g a s  p h a se  e q u a t i o n  w h ich  i s  a p p l i e d  o n l y  t o  t h e  g a s  i n  t h e  p o r e  
s p a c e s  o f  t h e  p r o d u c t  l a y e r ,  t h e  s o l i d  p h a se  b a l a n c e  i s  a p p l i e d  t o  
t h e  e n t i r e  s o l i d  p a r t i c l e .
The f o l l o w i n g  s u b s t i t u t i o n s  a r e  made t o  e x p r e s s  e q u a t i o n  ( I I I - 7 )  
i n  t e r m s  o f  t h e  u n r e a c t e d  c o r e  r a d i u s :
)
( I I I - 1 4 )
^ - k L C s o U - i ) ]  ( I I I - 1 5 )
w here
x = f r a c t i o n a l  c o n v e r s i o n  o f  t h e  s o l i d  r e a c t a n t  
and t h e  f r a c t i o n a l  c o n v e r s i o n  i s  r e l a t e d  t o  t h e  c o r e  r a d i u s  by
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-  (4 it r s a/ 3 )  -  (4rr r c a/ 3 )  , r c3 
x = --------- a.—   r
(417 r s / 3 ) r „ 3
{ I I I  —1*3)
The volume r e a c t i o n  term ,  R g*is  r e l a t e d  t o  th e  s u r f a c e  r e a c t i o n  
t erm ,  R&, by
Re =
4tt r .
S (4 tt r  a / 3 )  RS r
3 r ca ks
CSo c AC
The r e s u l t i n g  s o l i d  s p e c i e s  c o n t i n u i t y  e q u a t i o n  i s ;
d r c
d t  “  aS k s CAc ( n i - 1 8 )
w it h  the  i n i t i a l  c o n d i t i o n
Tr\  '■ T'- C I
t - o
( i r i - 1 9 )
E quat ion  ( I I I - 1 4 )  i s  s u b s t i t u t e d  fo r  c Ac and the  s o lu  - ion t o  
( I I I - 18) i s
t  =
dA r s ^So j  
aS CAo | 3k-mA
-  2 ( i n - 2 0 )




l ^ r  -  r t ~  [ 1 + 2 ( 1  - x) - 3 ( 1  - * ) S / , 3aS Ao ( ^SnA eA
aA k s  CgQ [ 1 *  < > - * > ' ]  |  • ( I H - 2 1 )
At com p le te  c o n v e r s i o n  when t  = t * ,  r c = 0 ,  and x = 1 ,  e q u a t i o n s  
( 1 1 1 - 2 0 )  and (1 1 1 - 2 1 )  become
_ aA,£s £sa | , -is--------- 1-------  I ( i n - y o )
aS CAo |  ^mA 6 ^oA aA * s  Cs0 j
E q u a t io n s  ( 1 1 1 - 2 0 ) ,  ( 1 1 1 - 2 1 ) ,  and ( 1 1 1 - 2 2 )  are v e r y  u s e f u l  because  
t h e y  show t h e  r e l a t i o n s h i p  o f  t h e  t h r e e  r e s i s t a n c e s :  e x t e r n a l  d i f f u s i o n ,
d i f f u s i o n  i n  t h e  product  l a y e r ,  and ch em ica l  r e a c t i o n  at  th e  r e a c t a n t /  
p rod u ct  i n t e r f a c e .  These  r e s i s t a n c e s  are th e  phenomena which impede 
t h e  t r a n s f o r m a t i o n  o f  th e  ch em ica l  r e a c t a n t s  t o  p r o d u c t s .  f i g u r e  
I I I - 2  shows,  f o r  a h y p o t h e t i c a l  c a s e ,  th e  v a r i a t i o n  o f  I n d iv i d u a l  
and t o t a l  r e s i s t a n c e s  over  th e  t im e fo r  complete  r e a c t i o n  when a l l  
r e s i s t a n c e s  are  im p o r t a n t .  The e x t e r n a l  d i f f u s i o n  r e s i s t a n c e  has  
i t s  g r e a t e s t  i n f l u e n c e  at  t h e  b e g in n in g  o f  the  r e a c t i o n .  As the  
g l o b a l  c o n v e r s i o n  r a t e  d e c r e a s e s  w i th  t im e t h e  e x t e r n a l  r e s i s t a n c e  
d e c l i n e s .  The i n t e r n a l  d i f f u s i o n  r e s i s t a n c e  i s  i n i t i a l l y  zero  s i n c e  
t h e r e  i s  no produ ct  l a y e r  t o  p r o v id e  a h in d r a n c e .  As the  product  
l a y e r  grows t h e  i n t e r n a l  d i f f u s i o n  r e s i s t a n c e  in crease ' s  u n t i l  a 
p o in t  i s  r e a d i e d  where a s lo w er  r a te  o f  c o n v e r s i o n  c a u s e s  i f  to  














T o t a l  R e s i s t a n c e
I n t e r n a l  D i f f u s i o n  R e s i s t  a n c
I n t r i n s i c  Chemical R e s i s t a n c
E x te r n a l  D i f f u s i o n  
^  R e s i s t a n c e
0 .60 . 2 U . t 1 . 00
Normalized R e a c t io n  Time, t / t *
F ig u r e  I I I - 2 .  V a r i a t i o n  o f  I n d i v i d u a l  and T ota l  R< s i s t a n c e s  
Over th e  Time fo r  Complete R e a c t io n  for  t h e  
Unreacted Core Model.
r e a c t i o n  r a t e  ( r a t e  o f  c o n v e r s i o n  p e r  u n i t  s u r f a c e  a r e a )  i s  co n ­
s t a n t .
I n  s p e c i a l  c a s e s  one o f  t h e  r e s i s t a n c e s  may be c o n s i d e r e d  
c o n t r o l l i n g .  I f  t h i s  i s  t r u e ,  t h e  s o l u t i o n s  t o  t h e  e q u a t i o n s  o f  
c o n t i n u i t y  may be s i m p l i f i e d .  I f  t h e  e x t e r n a l  d i f f u s i o n  r e s i s t a n c e  
i s  c o n t r o l l i n g ,  k , ^  «  k s , De ^ ,  t h e n
F o r  t h i s  c a s e ,  which  can  o n l y  be t r u e  f o r  low x o r  t ,  c o n v e r s i o n  i s  
l i n e a r  w i t h  t i m e .
I f  t h e  d i f f u s i o n  r e s i s t a n c e  i n  t h e  p r o d u c t  l a y e r  i s  c o n t r o l l i n g ,  
DeA «  kmA* k s» t h e n
aA r s CSo -
 r x
aS CAo kmA
( I I 1—23 )
o r
(1 1 1 - 2 4 )
t  = aA r s “ CSo
6 a S CAo DeA
[1  + 2(1  -  x) -  3 (1  -  x ) a / 3 ] (1 1 1 - 2 5 )
o r
J r  = 1 + 2(1  -  x) - 3(1 -  x )a / 3 ( I I 1 -2 6 )
F o r  t h i s  c a s e ,  which  c an  o n l y  be t r u e  f o r  i n t e r m e d i a t e  x o r  t ,  c o n v e r
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I f  t h e  c h e m i c a l  r e a c t i o n  r e s i s t a n c e  c o n t r o l s ,  k s «  kmA, DeA,
t h e n
F o r  t h i s  c a s e ,  t h e  o n l y  one which  can  be t r u e  f o r  t h e  e n t i r e  r a n g e
As was p o i n t e d  o u t  i n  C h a p t e r  I I ,  t h e r e  a r e  many c a s e s  i n  t h e  
l i t e r a t u r e  where  a good c o r r e l a t i o n  was found b e tw ee n  a s i n g l e  
r e s i s t a n c e  r a t e - c o n t r o l l i n g  s t e p  and e x p e r i m e n t a l  d a t a ,  p a r t i c u l a r l y  
an  i n t r i n s i c  c h e m i c a l  r a t e  r e s i s t a n c e  o r  an i n t e r n a l  d i f f u s i o n  
r e s i s t a n c e .  I n d e e d ,  a c h e m i c a l  r a t e  r e s i s t a n c e  can  c o n t r o l  a 
r e a c t i o n  o v e r  t h e  e n t i r e  r a n g e  a n d ,  w h i l e  an i n t e r n a l  d i f f u s i o n  
r e s i s t a n c e  c an  be c o n t r o l l i n g  o n l y  i n  t h e  mid r a n g e  o f  c o n v e r s i o n ,  
t h a t  mid r a n g e  c a n  encom pass  s u b s t a n t i a l l y  t h e  e n t i r e  r e a c t i o n  t i m e .  
T h e r e  i s ,  h o w e v e r ,  a n o t h e r  e x p l a n a t i o n  t o  t h e  a p p a r e n t  a g re em e n t  
b e tw e e n  s i n g l e  r e s i s t a n c e  r a t e  c o n t r o l l i n g  s t e p  and e x p e r i m e n t a l  
d a t a .  T h a t  e x p l a n a t i o n  i s  m i s i n t e r p r e t a t i o n  o f  d a t a .  As s ee n  i n  
F i g u r e  I I I - 3 ,  t h e  e x t e n t  o f  r e a c t i o n  v e r s u s  t i m e  c u r v e s  f o r  c h e m i c a l  
r e a c t i o n  c o n t r o l  and i n t e r n a l  d i f f u s i o n  c o n t r o l  a r e  v e r y  s i m i l a r  and 
w i t h i n  a s m a l l  d e g r e e  o f  e x p e r i m e n t a l  e r r o r  o f  e ac h  o t h e r .  A c h e m i c a l
S s Ao
— i /a  
[1  -  (1 -  x) t  ] (111-27)
o r
( I I 1—28)
  — i  /a
o f  x and t ,  c o n v e r s i o n  i s  l i n e a r  w i t h  [1  -  ( l  -  x )  ] .
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1.0
P r o d u c t  L a y e r  D i f f u s i o n  
C o n t r o l








0 . 2 0 . 4 0.60 1 . 0
t / t *
F i g u r e  I I I - 3 ,  T im e-C onvers ion  R e l a t i o n s h i p s  For D i f f e r e n t  
Rate  C o n tro l  l i n y  3t.eps fo r  +.N Univ ic ted  
Core Model.
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r e a c t i o n  c o n t r o l l e d  r a t e  c a n  be  made t o  f i t  an i n t e r n a l  d i f f u s i o n  
c o n t r o l l e d  e q u a t i o n  and v i c e  v e r s a .  T h i s  i s  n o t  t o  m e n t i o n  c a s e s  
w here  more  t h a n  one r e s i s t a n c e  i s  i m p o r t a n t  and  t h e  c o n v e r s i o n  t im e  
i s  i n t e r m e d i a t e  o f  t h e  c u r v e s  i n  F i g u r e  I 1 1 - 3 .  T h i s ,  t o  a l a r g e  
e x t e n t ,  e x p l a i n s  why t h e r e  was so much c o n f u s i o n  i n  t h e  e a r l y  
l i t e r a t u r e  c o n c e r n i n g  " s i n g l e  r e s i s t a n c e  c o n t r o l l e d "  r e a c t i o n s .
The  b a s i c  e q u a t i o n s  w h ich  c h a r a c t e r i z e  t h e  u n r e a c t e d  c o r e  model 
a r e  sum m arized  b e lo w ,  i n  d i m e n s i o n l e s s  fo rm ,  t o  f a c i l i t a t e  t h e  
c o m p a r i s o n  w i t h  t h e  e q u a t i o n s  which  d e s c r i b e  t h e  v o l u m e t r i c  and 
g r a i n  m o d e l s .  The g a s  p h a s e  m a t e r i a l  b a l a n c e  i s
(1 1 1 - 2 9 )
w i t h  t h e  b o u n d a r y  c o n d i t i o n s
( I I 1 -3 0 )
( I I 1—31)
The s o l i d  p h a s e  m a t e r i a l  b a l a n c e  i s
u
( H I - 3 2 )
w i t h  t h e  i n i t i a l  c o n d i t i o n
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1 .0 ( 1 1 1 - 3 3 )
where
5 = d i m e n s i o n l e s s  r a d i a l  c o o r d i n a t e ,  X/ Ts
C = d i m e n s i o n l e s s  g a s  c o n c e n t r a t i o n ,  C^/CAq
Bi = B i o t  number f o r  mass  t r a n s f e r ,  kmA r s / t ) eA
0 U = T h i e l e  m odu lus  f o r  u n r e a c t e d  c o r e  m o d e l ,  r g k s C2 0/ t )G^
0U = d i m e n s i o n l e s s  t i m e  f o r  u n r e a c t e d  c o r e  m o d e l ,  k s c Ao t A s  *
The d i m e n s i o n l e s s  t i m e - f r a c t i o n a l  c o n v e r s i o n  s o l u t i o n  t o  t h e s e  e q u a ­
t i o n s  i s
V o l u m e t r i c  M o d e l . When t h e  s o l i d  r e a c t a n t  i s  p o r o u s  enough f o r  
t h e  r e a c t a n t  g a s  t o  f r e e l y  d i f f u s e  i n t o  t h e  s o l i d ,  t h e  r e a c t i o n  w i l l  
t a k e  p l a c e  i n  a zone i n s t e a d  o f  on  a s u r f a c e .  T h i s  r e a c t i o n  zone may 
be s u f f i c i e n t l y  t h i n  when i n t e r n a l  d i f f u s i o n  i s  c o n t r o l l i n g  t o  be 
c o n s i d e r e d  a r e a c t i o n  s u r f a c e .  On t h e  o t h e r  h a n d ,  t h e  zone may 
e x t e n d  t h r o u g h o u t  t h e  e n t i r e  p a r t i c l e  when c h e m i c a l  r e a c t i o n  r a t e  i s  
c o n t r o l l i n g .
The  v o l u m e t r i c  model  r e p r e s e n t s  an  e a r l y  a t t e m p t  t o  d e s c r i b e  
t h i s  zone r e a c t i o n  s i t u a t i o n .  The s o l i d  p h a se  i s  c o n s i d e r e d  t o  be 
u n i f o r m l y  d i s t r i b u t e d .  The r e a c t i o n  o c c u r s  by a homogeneous t y p e  
mechanism b u t  r e a c t i o n  r a t e s  may v a r y  from p o i n t  t o  p o i n t  w i t h i n
( 1 1 1 - 3 4 )
61
t h e  s o l i d  b e c a u s e  g a s  c o n c e n t r a t i o n  g r a d i e n t s  a r e  i n d u c e d  a s  i n t e r n a l  
d i f f u s i o n  r e s i s t a n c e  becomes  s i g n i f i c a n t .  As i n t e r n a l  d i f f u s i o n  
becomes c o n t r o l l i n g  t h e  r e a c t i o n  becomes l o c a l i z e d  t o  a s u r f a c e  and 
t h e  model i s  e s s e n t i a l l y  an u n r e a c t e d  c o r e .  A s c h e m a t i c  d i a g r a m  o f  
t h e  v o l u m e t r i c  model  i s  shown i n  F i g u r e  I I I - 4 .  The c o n c e n t r a t i o n  
g r a d i e n t s  shown r e p r e s e n t  a c a s e  where  e x t e r n a l  d i f f u s i o n ,  i n t e r n a l  
d i f f u s i o n ,  and i n t r i n s i c  r e a c t i o n  a l l  p l a y  a s i g n i f i c a n t  r o l e  i n  t h e  
g l o b a l  r a t e  o f  r e a c t i o n .  The g a s e o u s  r e a c t a n t  p r o f i l e  shows a 
d e c r e a s e  i n  c o n c e n t r a t i o n  a c r o s s  t h e  e x t e r n a l  b o u n d a r y  l a y e r  and 
t h r o u g h o u t  t h e  p a r t i c l e .  The s o l i d  r e a c t a n t  c o n c e n t r a t i o n  h a s  a 
smooth  p r o f i l e  f rom  a low v a l u e  n e a r  t h e  e x t e r i o r  o f  t h e  p a r t i c l e  
w here  m os t  h a s  b e e n  consumed by  r e a c t i o n  t o  a h i g h  v a l u e  a t  t h e  
c e n t e r  where  t h e  s o l i d  i s  l a r g e l y  u n r e a c t e d .
S i n c e  an a n a l y t i c a l  s o l u t i o n  t o  t h e  e q u a t i o n s  g o v e r n i n g  t h i s  
model  i s  n o t  a t t e m p t e d ,  t h e  ^ s u m p t i o n s  p l a c e d  on e q u a t i o n  ( I I I - 6 ) 
a r e  n o t  a s  s e v e r e  a s  t h o s e  im posed  by  t h e  u n r o a c t e d  c o r e  m o d e l .
(Wen (6 ) p r o v i d e d  an a n a l y t i c a l  s o l u t i o n  t o  t h e  v o l u m e t r i c  model 
b u t  t h a t  a n a l y s i s  was r e s t r i c t e d  t o  a r e a c t i o n  w h ich  was f i r s t  
o r d e r  w i t h  r e s p e c t  t o  t h e  g a s e o u s  r e a c t a n t  and i n d e p e n d e n t  o f  t h e  
s o l i d  r e a c t a n t  c o n c e n t r a t i o n . )  F o r  t h i s  a n a l y s i s  t h e  p e l l e t  i s  
assumed t o  r e t a i n  i t s  i n i t i a l  s i z e  and s p h e r i c a l  shape  d u r i n g  t h e  
r e a c t i o n .  The e f f e c t i v e  d i f f u s i v i t y ,  DgA, i s  c o n s i d e r e d  t o  be a 
s i m p l e  f u n c t i o n  o f  p o r o s i t y  c h a n g e s  i n c u r r e d  by c h a n g i n g  s o l i d  
d e n s i t y  w i t h i n  t h e  p e l l e t  a s  t h e  r e a c t i o n  p r o c e e d s .  (Won’ s (6 ) 
a n a l y t i c a l  s o l u t i o n  d i d  n o t  a l l o w  f o r  v a r i a b l e  e f f e c t i v e  d i f f u s i v i t y . )  


















F i g u r e  I I I - 4 .  C o n c e n t r a t i o n  P r o f i l e s  f o r  t h e  












g a s  c o n c e n t r a t i o n  and Mth o r d e r  w i t h  r e s p e c t  t o  s o l i d  c o n c e n t r a t i o n  
and  i s  r e p r e s e n t e d  by
M r  N 
"A ~ “A *v UAR - a K c ( i l l - 35)
where
kv = r e a c t i o n  r a t e  c o n s t a n t  b a s e d  on volume o f  s p h e r i c a l  p e l l e t .  
A more complex  i n t r i n s i c  r a t e  e x p r e s s i o n ,  such  a s  a m u l t i c o n s t a n t  
e x p r e s s i o n  o f  t h e  Langmuir  t y p e ,  c o u l d  be s u b s t i t u t e d  f o r  e q u a t i o n  
( 1 1 1 - 3 5 ) .  However,  a more complex  e x p r e s s i o n  would g a i n  v e r y  l i t t l e  
i n  i n c r e a s e d  a c c u r a c y  o f  m i r r o r i n g  r e a l i t y ,  b u t  would  add t o  t h e  
c o m p l e x i t y  o f  o b t a i n i n g  a n u m e r i c a l  s o l u t i o n .  With  t h e  above assump­
t i o n s  e q u a t i o n  ( I I I - 6 ) ,  t h e  g a s  p h a s e  m a t e r i a l  b a l a n c e ,  becomes
L .  d _
r a d r
DeA r *
d r
+ a A kv C 3M Ca  -  0 ( I I 1 -36 )
The b o u n d a r y  c o n d i t i o n s  a r e i  




= 0 ( i n - 3 7 )
and a t  t h e  s u r f a c e  o f  t h e  p e l l e t ,  r  = r s ,
eA
dCf
d r SnA ^ A o
(1 1 1 - 3 8 )
r= r , .
The  s o l i d  p h a s e  m a t e r i a l  b a l a n c e ,  e q u a t i o n  ( I I I - 7 )  i s
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d t  *“ a S kv  CS CA
dCg
( I 1 1 -3 9 )
and i t s  i n i t i a l  c o n d i t i o n
C S -  c, ( 1 1 1 - 4 0 )
t = o
The c o n t i n u i t y  e q u a t i o n s  o f  t h e  v o l u m e t r i c  model  a r e  c o u p le d  
t h r o u g h  t h e  t e r m  Cg**. In  g e n e r a l ,  a n u m e r i c a l  s o l u t i o n  t o  t h e
s i m u l t a n e o u s  e q u a t i o n s  i s  r e q u i r e d .  O n ly  f o r  t h e  s p e c i a l  c a s e  where  
M=0 do t h e  e q u a t i o n s  become u n c o u p l e d , t h u s  p e r m i t t i n g  s e q u e n t i a l  
s o l u t i o n .  In  c o n t r a s t ,  t h e  e q u a t i o n s  o f  t h e  u n r e a c t e d  c o r e  model 
were  n e v e r  c o u p l e d .
I n  d i m e n s i o n l e s s  fo rm t h e  g a s  p h a s e  e q u a t i o n  becomes
( I I 1- 4 1 )





= B i0 ( l  -  C) . ( 1 1 1 - 4 3 )
where
Bi -  i n i t i a l  B l o t  numbi-r. o
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The s o l i d  p h a s e  m a t e r i a l  b a l a n c e  i s
I f f -  = a c SM C** ( 1 1 1 - 4 4 )d 0v "  “ S
w i t h  t h e  i n i t i a l  c o n d i t i o n
S =  1 (1 1 1 - 4 5 )
w here
D *  d i m e n s i o n l e s s  e f f e c t i v e  d i f f u s i v i t y ,  DeA/ b e Ao 
De Ao = i n i t i a l  e f f e c t i v e  d i f f u s i v i t y  o f  A
I m-------FPTT—
0 V = T h i e l e  m od u lu s  f o r  v o l u m e t r i c  m o d e l ,  R"y kv  Cso ^Ao A*eAo 
S =  d i m e n s i o n l e s s  s o l i d  c o n c e n t r a t i o n ,  C5 /C So 
0V = d i m e n s i o n l e s s  t i m e  f o r  v o l u m e t r i c  m o d e l ,  kv  CgQM * CAo^ t  , 
The t r e a t m e n t  o f  v a r i a b l e  e f f e c t i v e  d i f f u s i v i t y  may b< b a s e d  on 
t h e  random p o r e  model o f  Wakao and Sm i th  (9 )  w hich  s t a t e s  t h a t  t h e  
e f f e c t i v e  d i f f u s i v i t y  i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  p o r o s i t y .  
A l t e r n a t e l y ,  Wen (6 ) s u g g e s t e d  t h a t  work r e p o r t e d  i n  S a t t e r f i e l d  and 
Sherwood (1 0 )  showed t h a t  a more r e a l i s t i c  a p p r o a c h  would be t o  
assume t h a t  DeA i s  p r o p o r t i o n a l  t o  p o r o s i t y  r a i s e d  t o  t h e  B power 
w here  0 i s  a p o s i t i v e  c o n s t a n t  b e tw ee n  two and t h r e e .  T h u s ,  f o r  
t h i s  s t u d y  we w r i t e
DeA = Da e 0 ( 1 1 1 - 4 6 )
where
Da = p r o p e r  c o m b i n a t i o n  o f  Knudsen and m o l e c u l a r  d i f f u s i o n  f o r  
s p e c i e s  A
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c =■ P o r o s i t y .
I f  an a s s u m p t i o n  I s  made t h a t  p o r o s i t y  i s  a  l i n e a r  f u n c t i o n  o f  f r a c ­
t i o n a l  c o n v e r s i o n ,  p o r o s i t y  may be e x p r e s s e d  a s
e = e 0 +  U f  -  e Q) x ( 1 1 1 - 4 7 )
w here
x = l o c a l  e x t e n t  o f  r e a c t i o n  
and t h e  s u b s c r i p t s  f  and o r e p r e s e n t  f i n a l  and  i n i t i a l ,  r e s p e c t i v e l y .  
S i n c e  t h e  l o c a l  e x t e n t  o f  r e a c t i o n  i s  r e l a t e d  t o  d i m e n s i o n l e s s  s o l i d  
c o n c e n t r a t i o n  by
x = 1 -  S ( 1 1 1 - 4 8 )
t h e  d i m e n s i o n l e s s  e f f e c t i v e  d i f f u s i v i t y  may be e x p r e s s e d  as
D = [1  + v ( l  -  S ) f  ( 1 1 1 - 4 9 )
w here
y = (*, - «o)A0 •
W ith  t h i s  s u b s t i t u t i o n  t h e  g a s  p h a se  m a t e r i a l  b a l a n c e ,  e q u a t i o n  
( 1 1 1 - 4 1 ) ,  becomes
£ £  _ f . J f j   .  2  \
W  ~ \  [1  + / ( I  -  s ) ]  H
aA .  ( i n - 5 0 )
[ l  + Y( i  -  s ) T
w i t h  b o u n d a r y  c o n d i t i o n s
6 7
&  I = 0  ( I I 1 - 4 2 )
dS 15=0
and
22 I = .-£l n(.L -  ?1 „ . (111-51)
a? I 5=1 [1 + v t l  - S ) ] B
T h e r e  was no ch an g e  i n  t h e  s o l i d  m a t e r i a l  b a l a n c e ,  e q u a t i o n  ( 1 1 1 - 4 4 ) ,  
due  t o  t h e  a l l o w a n c e  f o r  v a r i a b l e  e f f e c t i v e  d i f f u s i v i t y .  E q u a t i o n s  
( 1 1 1 - 5 0 )  and ( 1 1 1 - 4 4 )  m us t  be  e v a l u a t e d  n u m e r i c a l l y  w i t h  t h e i r  
b o u n d a r y  c o n d i t i o n s  ( 1 1 1 - 4 2 )  and ( I 1 1 - 5 1 )  and i n i t i a l  c o n d i t i o n  
( 1 1 1 - 4 5 )  t o  o b t a i n  a s o l u t i o n  t o  t h e  v o l u m e t r i c  m o d e l .
G r a i n  M ode l .  The g r a i n  m o d e l ,  l i k e  t h e  v o l u m e t r i c  m o d e l ,  i s  an 
a t t e m p t  t o  d e s c r i b e  s i t u a t i o n s  where  t h e  r e a c t i o n  o c c u r s  over  a zone 
o f  t h e  s o l i d  r a t h e r  t h a n  a t  a s h a r p l y  d e f i n e d  b o u n d a r y .  In  f a c t ,  
t h e  s h a r p l y  d e f i n e d  b o u n d a ry  i s  a l i m i t i n g  c a s e  c a u s e d  by i n t e r n a l  
d i f f u s i o n  c o n t r o l .  I n  g e n e r a l ,  when a l l  t h e  r e s i s t a n c e s  a r e  i m p o r t a n t ,  
t h e r e  i s  a g r a d u a l  t r a n s i t i o n  from l a r g e l y  s o l i d  p r o d u c t  a t  t h e  o u t ­
s i d e  o f  t h e  p a r t i c l e  t o  l a r g e l y  s o l i d  r e a c t a n t  n e a r  t h e  c e n t e r .
In  t h i s  model t h e  s o l i d  r e a c t a n t  i s  assumed t o  be composed o f  a 
l a r g e  number  o f  s p h e r i c a l  g r a i n s .  The r e a c t a n t  g a s  i s  t r a n s f e r r e d  
f rom  t h e  b u l k  g a s  s t r e a m  t o  t h e  p a r t i c l e  s u r f a c e ,  from t h e  s u r f a c e  
t h e  g a s  d i f f u s e s  b e tw e e n  t h e s e  g r a i n s ,  t h e n  t h r o u g h  a s o l i d  p r o d u c t  
l a y e r  a s s o c i a t e d  w i t h  e a c h  g r a i n ,  and f i n a l l y  r e a c t s  a t  a s p h e r i c a l  
r e a c t i o n  s u r f a c e .  Thus  e a c h  g r a i n  b e h a v e s  l i k e  a m i c r o s c o p i c  u r i r o a c t e d  
c o r e .  I t  i s  a l s o  assumed t h a t  t h e  p e l l e t  and t h e  g r a i n s  r e t a i n  t h e i r
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i n i t i a l  s i z e  and s h a p e  d u r i n g  t h e  r e a c t i o n .  A s c h e m a t i c  d i a g r a m
o f  t h e  g r a i n  model  i s  d e p i c t e d  i n  F i g u r e  I I I - 5 .
The  model  i s  c a p a b l e  o f  h a n d l i n g  a p e l l e t  w i t h  g r a i n s  o f  d i f f e r e n t
s i z e s  p r o v i d e d  a  s i z e  d i s t r i b u t i o n  c an  be d e t e r m i n e d .  However,  s i n c e
t h e  d i s t r i b u t i o n  o f  g r a i n  s i z e s  i s  v e r y  d i f f i c u l t  t o  o b t a i n  and
b e c a u s e  i t  g r e a t l y  i n c r e a s e s  t h e  c o m p l e x i t y  o f  t h e  n u m e r i c a l  s o l u t i o n
/
t o  t h e  e q u a t i o n s ,  a s i n g l e  g r a i n  s i z e  o f  an " a v e r a g e "  r a d i u s ,  r g , i s  
n o r m a l l y  u s e d  ( 1 1 , 1 2 , 1 3 , 1 4 , 1 5 , 1 6 , 1 7 , 1 8 , 1 9 ) .
The  i n t r i n s i c  r a t e  e x p r e s s i o n  i s  s i m i l a r  t o  t h e  e x p r e s s i o n  u s e d  
i n  t h e  u n r e a c t e d  c o r e  m o d e l .  A r a t e  e q u a t i o n  w h ich  i s  f i r s t  o r d e r  
w i t h  r e s p e c t  t o  t h e  g a s  i s  j u s t i f i e d  on t h e  same b a s i s  a s  f o r  t h e  
u n r e a c t e d  c o r e  m o d e l .  The r a t e  e x p r e s s i o n  i s
r a = a A k s / CS o '  CA c ' (1 1 1 - 5 2 )
w here  t h e  p r im e  d e n o t e s  g r a i n  p r o p e r t i e s .  The r a t e  e x p r e s s i o n  p e r
u n i t  vo lume i s  g i v e n  by
" a = ( 3 P v 7 r J  n  -  «> a A “ s '  C s „ '  CA c '  ( 1 1 1 - 5 3 )
w here
( 4tt r c ' \1 1 = s u r f a c e  a r e a  t o  volume r a t i o  f o r  a s i m i l e  g r a i n
4 tt r s  / 3  f
(1 -  e )  — s o l i d  f r a c t i o n  p e r  u n i t  p a r t i c l e  v o lum e .
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E £ * a .  r r , : E a 1  +  3 . k lr* dr I dr  J A r
r c_»  
' a (1 -  C )  k g '  Cg0 '  CAc * = 0 . ( 1 1 1 - 5 4 )
An e x p r e s s i o n  f o r  CA c '  c a n  be d e t e r m i n e d  from e q u a t i o n  ( 1 1 1 - 1 4 ) ,  
t h e  u n r e a c t e d  c o r e  s o l u t i o n  d e v e l o p e d  e a r l i e r .  I t  i s
CA c '  =
1 -
V r * ' /
( 1 1 1 - 5 5 )
The  c o n c e n t r a t i o n  a t  t h e  g r a i n ' s  s u r f a c e ,  CA s / , i s  assumed t o  be t h e  
same a s  t h e  c o n c e n t r a t i o n  w i t h i n  t h e  p o r e s ,  CA.
S u b s t i t u t i n g  Cgc  f o r  Cg0 ' £ l  * e )  and e q u a t i o n  (1 1 1 - 5 5 )  f o r  
CA c ' ,  t h e  g a s  p h a se  m a t e r i a l  b a l a n c e  becomes
S e t  [ . ■ § * ]
+ 3 a.
^  “ s '  CS o CA
1 -  aA k 5 '  CS o / V  /
w  v
1 -
= 0 ( H I - 5 6 )
T h e  b o u n d a r y  c o n d i t i o n s  a r e  s i m i l a r  t o  t h o s e  o f  t h e  v o l u m e t r i c  m o d e l .  
T h e y  a re *
a t  t h e  s u r f a c e  o f  t h e  p e l l e t ,  r
'eA £d r ^mA^Ao ” ^As^ ( I I I - 5 7 )
r = r ,
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and a t  t h e  c e n t e r  o f  t h e  p e l l e t ,  r  = o
| = 0 . 
d r  I r=o
( I I I - 5 B )
The s o l i d  p h a s e  m a t e r i a l  b a l a n c e ,  e q u a t i o n  ( I I I " ? ) ,  w i t h  t h e  
a p p r o p r i a t e  r a t e  e x p r e s s i o n  i s i
dCc
S t  3  *s
r c '» ks ' CSo CA
1 -
( 1 1 1 - 5 9 )
The s o l i d  c o n c e n t r a t i o n  t e r m ,  Cg, may be e x p r e s s e d  i n  t e r m s  o f  r c * 
w i t h  t h e  f o l l o w i n g  s u b s t i t u t i o n s
( X I I - 6 0 )
where
x = l o c a l  r e a c t i o n  e x t e n t ,
The s o l i d  m a t e r i a l  b a l a n c e  i s  t h e n
d t
a s  k s '  CA
1 -
aA k 3 '  C s o * r c ;  7  r c ' V  
V j
( I I 1—61 )
The i n i t i a l  c o n d i t i o n  i s
t ' - ' O
(1 1 1 -6 ? )
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The e q u a t i o n s  w h ich  c h a r a c t e r i z e  t h e  g r a i n  model  and must be 
s o l v e d  n u m e r i c a l l y  may be summarized  i n  d i m e n s i o n l e s s  form a s i
t h e  g a s  p h a s e  m a t e r i a l  b a l a n c e
d ! S  = .
d?*
2  3 aA »G r s  S *a c
5 d§ * r '[1  -  aA f&G' § ' ( 1  -  § ' ) 5
(in-63)
w i t h  b o u n d a r y  c o n d i t i o n s





t h e  s o l i d  p h a s e  m a t e r i a l  b a l a n c e
= t -
d0G [1 “ aA 5 d l  - 5 ' ) ] ( 1 1 1 - 6 6 )
w i t h  i n i t i a l  c o n d i t i o n
? !r = 1,0®G=°
(1 1 1 - 6 7 )
where
$q -  T h i e l e  m odu lus  f o r  p e l l e t  i n  t h e  g r a i n  m o d e l ,
r s ^ s # ^5 0 A*eA
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= T h i e l e  m odu lus  f o r  g r a i n  i n  t h e  g r a i n  m o d e l ,
* s '  * s '  CS 0 7 b e A '
0(3 *  D i m e n s i o n l e s s  t i m e  f o r  g r a i n  m o d e l ,  k s '  CAo t / x s '  .
~7r.no f t d e l  s o l u t i o n . The tw o  zone m o d e l s ,  v o l u m e t r i c  and g r a i n ,  
w e re  l e f t  i n  a  fo rm  w h ich  r e q u i r e  n u m e r i c a l  s o l u t i o n .  At t h i s  t i m e ,  
h o w e v e r ,  i t  i s  i n s t r u c t i v e  t o  c o n s i d e r  t h e  g e n e r a l  fo rm  o f  t h e  s o l u ­
t i o n .  F o u r  p o s s i b l e  c a s e s  a r e  e x a m i n e d ,  t h r e e  s i n g l e  r e s i s t a n c e  
c o n t r o l l i n g  c a s e s  and one combined  r e s i s t a n c e  c a s e .  The t h e o r e t i c a l l y  
p r e d i c t e d  l o c a l  r e a c t i o n  e x t e n t ,  x ,  and t h e  d i m e n s i o n l e s s  g a s  c o n c e n ­
t r a t i o n  p r o f i l e s  a r e  shown i n  F i g u r e s  I I I - 6  t o  I I I - 9 .
E x t e r n a l  mass  t r a n s f e r  f rom  t h e  b u l k  g a s  s t r e a m  i n t o  t h e  p e l l e t  
i s  t h e  c o n t r o l l i n g  r e s i s t a n c e  i n  F i g u r e  I I 1 - 6 .  The g a s  c o n c e n t r a t i o n  
d e c r e a s e s  f rom  i t s  v a l u e  i n  t h e  b u l k  f l u i d  t o  n e a r  z e r o  a t  t h e  
p a r t i c l e ' s  s u r f a c e .  As g a s  i s  t r a n s f e r r e d  t o  t h e  s u r f a c e  o f  t h e  
p a r t i c l e  i t  i s  consumad by  s o l i d  r e a c t a n t .  The s o l i d  i s  c o m p l e t e l y  
r e a c t e d  a t  t h e  e x t e r i o r  o f  t h e  p a r t i c l e  b e f o r e  r e a c t i o n  o c c u r s  a t  
i n t e r i o r  p o i n t s .  T h u s  t h e  l o c a l  e x t e n t  o f  r e a c t i o n  i s  a s t e p  f u n c ­
t i o n .  As w i t h  t h e  u n r e a c t e d  c o r e  m o d e l ,  t h i s  s i t u a t i o n  can  be t r u e  
o n l y  f o r  low o v e r a l l  c o n v e r s i o n ,  x ,  and e a r l y  t i m e s .  I t  o c c u r s  a t  
low b u l k  g a s  f l o w  r a t e s  c o u p l e d  w i t h  a r a p i d  i n t r i n s i c  r e a c t i o n .
C h e m ic a l  r e a c t i o n  i s  t h e  c o n t r o l l i n g  r e s i s t a n c e  i n  F i g u r e  I I I - 7 ,  
I n  t h i s  c a s e  t h e r e  i s  no d r o p  i n  r e a c t a n t  g a s  c o n c e n t r a t i o n  from t h e  
b u l k  g a s  s t r e a m  t o  t h e  s u r f a c e  o f  t h e  p a r t i c l e .  In  a d d i t i o n , t h e  
r e a c t a n t  g a s  c o n c e n t r a t i o n  w i t h i n  t h e  p a r t i c l e  i s  t h e  same a s  i n  t h e  
b u l k  g a s  s t r e a m .  The l o c a l  e x t e n t  o f  r e a c t i o n  i s  u n i f o r m  and e q u a l  
t o  t h e  o v e r a l l  e x t e n t  o f  r e a c t i o n ,  x .  T h i s  s i t u a t i o n ,  which can
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R e s i s t a n c e  in  t h e  Zone Mo de l s .
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F i g u r e  I I I - 9 .  General Case o f  Mixed R e a c t i o n  C o n t r o l  in  the  
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o c c u r  d u r i n g  t h e  e n t i r e  r e a c t i o n  p e r i o d ,  i s  most l i k e l y  t o  o c c u r  a t  
low t e m p e r a t u r e s  and i n  s m a l l ,  h i g h l y  p o r o u s  p a r t i c l e s .  High v o l u m e t r i c  
f l o w  r a t e s  p a s t  t h e  p a r t i c l e  h e l p  r e d u c e  t h e  mass  t r a n s f e r  r e s i s t a n c e  
t o  n e g l i g i b l e  v a l u e .
When i n t e r n a l  d i f f u s i o n  i s  t h e  c o n t r o l l i n g  r e s i s t a n c e ,  t h e  zone 
m o d e l s  p r o d u c e  t h e  same p r o f i l e s  a s  t h e  d i f f u s i o n  c o n t r o l l e d  u n r e a c t e d  
c o r e  m o d e l .  The l o c a l  e x t e n t  o f  r e a c t i o n  i s  a s t e p  f u n c t i o n  and t h e  
r e a c t a n t  g a s  c o n c e n t r a t i o n  i s  z e r o  a t  t h e  r e a c t i o n  s u r f a c e .  (Thus  
t h e  u n r e a c t e d  c o r e  m o d e l ,  when a p p l i e d  t o  p o r o u s  p e l l e t s ,  may be 
c o n s i d e r e d  a s  a s p e c i a l  c a s e  o f  t h e  zone m o d e l s . )  A l th o u g h  t h i s  
r e s i s t a n c e  c a n n o t  c o n t r o l  t h e  r e a c t i o n  a t  i n i t i a l  o r  f i n a l  t i m e s ,  i t  
c a n  c o n t r o l  f o r  most o f  t h e  d u r a t i o n  o f  t h e  r e a c t i o n .  T h i s  s i t u a t i o n ,  
shown i n  F i g u r e  I I I - 8 ,  t e n d s  t o  o c c u r  a t  h ig h  t e m p e r a t u r e s ,  low 
p o r o s i t i e s ,  and i n  l a r g e  p a r t i c l e s .
S i n g l e  r a t e  c o n t r o l l i n g  r e s i s t a n c e s  a r e  s p e c i a l  c a s e s .  A more 
g e n e r a l  c a s e  o c c u r s  when a l l  t h r e e  r e s i s t a n c e s  c o n t r i b u t e  t o  t h e  
o v e r a l l  r e s i s t a n c e .  I t  i s  f o r  t h i s  g e n e r a l  c a s e  t h a t  t h e  zone m o d e l s '  
v a l u e  i s  f u l l y  r e a l i z e d .  A s c h e m a t i c  o f  t h i s  g e n e r a l  c a s e  i s  d e p i c t e d  
i n  F i g u r e  I I I - 9 ,  The r e a c t a n t  g a s  c o n c e n t r a t i o n  c o n t i n u o u s l y  d e c r e a s e s  
f rom  i t s  v a l u e  i n  t h e  b u l k  g a s  s t r e a m  a s  i t  i s  t r a n s f e r r e d  a c r o s s  
a b o u n d a r y  l a y e r  a t  t h e  p a r t i c l e  s u r f a c e  and i n t o  t h e  p a r t i c l e  where  
i t  r e a c t s .  The l o c a l  e x t e n t  o f  r e a c t i o n  i s  i n t e r m e d i a t e  b e tw ee n  t h e  
s t e p  f u n c t i o n  o f  t h e  d i f f u s i o n  c o n t r o l l e d  c a s e s  and t h e  u n i f o r m  v a l u e  
o f  t h e  c h e m i c a l  r e a c t i o n  c o n t r o l l e d  c a s e .
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In  o r d e r  t o  compare  t h e  u n r e a c t e d  c o r e ,  t h e  v o l u m e t r i c ,  and  t h e  
g r a i n  m o d e l s ,  I t  i s  n e c e s s a r y  t o  d e v e l o p  a means  o f  e s t i m a t i n g  
e q u i v a l e n t  i n t r i n s i c  r a t e  c o n s t a n t s .  T h i s  i s  done  by  s e t t i n g  t h e  
i n i t i a l  r a t e  o f  c o n v e r s i o n ,  a s  p r e d i c t e d  by  e a c h  o f  t h e  m o d e l s ,  
e q u a l  t o  e a c h  o t h e r  f o r  a c h e m i c a l  r e a c t i o n  c o n t r o l l e d  c a s e .  When 
c h e m i c a l  r e a c t i o n  c o n t r o l s ,  t h e  r e a c t a n t  g a s  c o n c e n t r a t i o n  i n  t h e  
p a r t i c l e  i s  t h e  same a s  t h e  r e a c t a n t  g a s  c o n c e n t r a t i o n  i n  t h e  b u l k  g a s  
s t r e a m ,  CA = C^G, a s  shown i n  F i g u r e  I I I - 7 .  Under t h e s e  c o n d i t i o n s  
l o c a l  e x t e n t  o f  r e a c t i o n  i s  t h e  same a s  o v e r a l l  e x t e n t  o f  r e a c t i o n .
The i n i t i a l  r a t e  o f  c o n v e r s i o n  f o r  t h e  u n r e a c t e d  c o r e  model may 
be d e r i v e d  by  c o m b in in g  e q u a t i o n s  ( I I I - 7 )  and ( I I I - 1 7 )  t o  o b t a i n
dCs  3 r r °  ag k s Cg0 C^c
d t  r s 3
Com bin ing  ( 1 1 1 - 6 8 )  w i t h  (1 1 1 - 1 6 )  y i e l d s
d[C.5of_1 = i j j l  a3 k s Cg CAc . ( 1 1 1 - 6 9 )
d t  r s 3 3 5 So AC
S i m p l i f y i n g  ( I I I - 6 9 )  and r e s t r i c t i n g  t o  c h e m i c a l  r e a c t i o n  c o n t r o l ,
C^c = C ^ ,  and t o  i n i t i a l  r a t e s ,  r Q = r s , y i e l d s
d t
t= o
( 1 1 1 - 7 0 )
F o r  t h e  v o l u m e t r i c  model t h e  i n i t i a l  r a t e  o f  c o n v e r s i o n  may be 
d e r i v e d  by  co m b in in g  ( I I I - 3 9 )  w i t h
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dCs  = d [ C s n ( l  -  x ) 3  
d t  d t (111-71)
t o  y i e l d
d[CS o ( l  -  x ) 3  _ , ^  M
 aS kv s  g a ( 1 1 1 - 7 2 )
S i m p l i f y i n g  ( 1 1 1 - 7 2 )  and r e s t r i c t i n g  t o  c h e m i c a l  r e a c t i o n  c o n t r o l ,  
x = x and = ^Ao* ant  ^ i n i t i a l  r a t e s ,  Cg = ^ S o ’ y i e l d s
d t = -  aS kv  C
11 = 0
M-l N
So CAo (1 1 1 - 7 3 )
The i n i t i a l  r a t e  o f  c o n v e r s i o n  f o r  t h e  g r a i n  model may be o b t a i n e d  by  
c o m b in in g  e q u a t i o n s  ( i l l -5 9 )  and ( H I - 7 1 )  t o  y i e l d
dCCgad - x)]
d t
— 3 a c
r  ' ac :s s  c So
*A k s '  C ^So c
VA M
(1 1 1 - 7 4 )
S i m p l i f y i n g  ( H I - 7 4 )  and r e s t r i c t i n g  t o  c h e m i c a l  r e a c t i o n  c o n t r o l ,
x = x and CA = g ao* ancl t o  i n i t i a l  r a t e s ,  r c , ~ r s / » y i e l d s
d t
3 dc k c ' Cl*s *s  u Ao } ( i n - 7 5 )
t= 0
E q u a t i n g  e q u a t i o n s  ( H I —70) and (1 1 1 -7 3 )  and s o l v i n g  f o r  k i n  t e r m s
o f  k g y i e l d s
1-M , 1-N
k -  ^ k s  GSo c Ao ( I I 1-76)
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E q u a t i n g  e q u a t i o n s  ( H I - 7 0 )  and ( 1 1 1 - 7 5 )  and s o l v i n g  f o r  k g '  i n  t e r m s  
o f  k g y i e l d s
r  '
k '  = r 2-  k_ . ( I I I - 7 7 )s r  s
E q u a t i o n s  ( 1 1 1 - 7 6 )  and ( 1 1 1 - 7 7 )  a l l o w  a c o m p a r i s o n  o f  t h e  t h r e e  
m o d e l s  by c a l c u l a t i n g  an e q u i v a l e n t  r a t e  c o n s t a n t ,  t h a t  i s  a r a t e  
c o n s t a n t  f o r  one model e x p r e s s e d  i n  t e r m s  o f  t h e  r a t e  c o n s t a n t  o f  
a n o t h e r  m o d e l .  E q u a t i o n s  ( I I I —76)  and ( I I I - 7 7 )  a r e  a l s o  u s e f u l ,  a s  
w i l l  be d e s c r i b e d  i n  C h a p t e r  V I I ,  i n  p e r m i t t i n g  e x p e r i m e n t a l l y  
m e a s u re d  k i n e t i c  d a t a  on  powdered  s a m p l e s  t o  be  a p p l i e d  t o  p e l l e t s .
Combined R e a c t i o n s
One o f  t h e  g o a l s  o f  t h i s  r e s e a r c h  i s  t o  t e s t  t h e  k i n e t i c  i n d e ­
p e n d en c e  o f  t h e  two r e a c t i o n s
Ha S ( g ) +  ZnO(s}  -  Ha 0 ( g ) + Z n S (s ) ( l - 6 )
C0S(g )  + Zn0( s )  -  Ha ° ( g )  + ZnS( s )  ( I _ 7 )
when t h e y  o c c u r  s i m u l t a n e o u s l y .  T h e r e  a r e  s e v e r a l  p o s s i b l e  i n t e r ­
a c t i o n  mechanism s  which  may a f f e c t  t h e  o v e r a l l  r a t e  when b o th  s u l f u r -  
c o n t a i n i n g  g a s e s  a r e  p r e s e n t  i n  t h e  r e a c t i o n  s y s t e m .  F o r  e x a m p l e ,  a 
p o s s i b l e  mechanism would  be f o r  h y d ro g e n  s u l f i d e  t o  r e a c t  a c c o r d i n g  
t o  ( 1 - 6 ) ,  t h e n  f o r  t h e  p r o d u c t  s t e a m  t o  r e a c t  w i t h  t h e  c a r b o n y l  
s u l f i d e  a c c o r d i n g  t o  ( H I - 7 8 ) ,  and f i n a l l y  f o r  t h e  p r o d u c t  h y d ro g e n  
s u l f i d e  o f  ( H I - 7 8 )  t o  r e a c t  by ( 1 - 6 ) .  T h i s  mechanism c an  be w r i t t e n  
a s
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H» s (g )  + Z n 0 ( s )  -* Ha ° ( g )  + 2nS( s ) ( 1- 6 )
Ha ° ( g )  + c o s ( g )  -  H=s (g )  + ^ a f g ) ( I I I —78)
Ha S Cg) + ZnO( s )  -  H , 0 ( g ) +  ZnS( s )  . ( 1- 6 )
F o r  d e s i g n  p u r p o s e s ,  i t  i s  i m p o r t a n t  t o  know w h e t h e r  o r  n o t  t h e  r a t e  
w i l l  be a f f e c t e d  by  i n t e r a c t i o n  s u ch  a s  t h i s  o n e .
I f  t h e  r e a c t i o n s  a r e  i n d e p e n d e n t ,  t h e  s y s t e m  s h o u l d  be a d e q u a t e l y  
d e s c r i b e d  by  p r o p e r l y  co m b in in g  t h e  f u n d a m e n t a l  e q u a t i o n s  g o v e r n i n g  
i n d e p e n d e n t  r e a c t i o n s .  B a s i c a l l y  t h e r e  i s  l i t t l e  change  i n  t h e  
p r e v i o u s l y  d e r i v e d  e q u a t i o n s .  An a d d i t i o n a l  g a s  component m a t e r i a l  
b a l a n c e  m us t  be i n c l u d e d  and a n o t h e r  t e r m  m us t  be added  t o  t h e  s o l i d  
m a t e r i a l  b a l a n c e  t o  a c c o u n t  f o r  t h e  second  r e a c t i v e  g a s .
The g o v e r n i n g  e q u a t i o n s  f o r  t h e  u n r e a c t e d  c o r e  model w i t h  two 
i n d e p e n d e n t  r e a c t i o n s  a r e *
Gas  p h a s e  m a t e r i a l  b a l a n c e  f o r  s p e c i e s  A and B
( 1 1 1 - 7 9 )
w i t h  b o u n d a r y  c o n d i t i o n s
a t  t h e  s o l i d  p a r t i c l e  s u r f a c e ,  r s
(111-80)
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a nd  a t  t h e  r e a c t i o n  i n t e r f a c e ,  r c
(
= -  a ,  k a< CSo Cl c  ( 1 1 1 - 8 1 )
' e l  I d T L  " "  1 S 1 S o  l cc
w here
i  = A and B ,
The s o l i d  p h a se  m a t e r i a l  b a l a n c e
d r j
d t = a s i  ^ s i  { I I I - 8 2 )
w i t h  i n i t i a l  c o n d i t i o n
r c = r s . ( 1 1 1 - 8 3 )
t = o
Note  t h a t  r e a c t i o n  p a r a m e t e r s ,  s t o i c h i o m e t r i c  c o e f f i c i e n t s ,  a j  and 
a s ^ ,  and r e a c t i o n  r a t e  c o n s t a n t ,  k s i»  f o r  component A and B r e f e r  
t o  t h e  r e a c t i o n  o f  A w i t h  t h e  s o l i d  and B w i t h  t h e  s o l i d .
T h e r e  i s  an  i n t e r a c t i o n  o f  t e r m s  i n  e q u a t i o n  ( 1 1 1 - 8 2 )  which  
p r e c l u d e s  a s i m p l e  a n a l y t i c a l  s o l u t i o n  r e l a t i n g  f r a c t i o n a l  c o n v e r s i o n  
and t i m e  a s  i s  done i n  t h e  s i n g l e  r e a c t a n t  g a s  s y s t e m .  The s o l u t i o n  
may be o b t a i n e d  n u m e r i c a l l y  and i s  d e s c r i b e d  i n  t h e  n e x t  c h a p t e r .
The  g o v e r n i n g  e q u a t i o n s  f o r  t h e  v o l u m e t r i c  model w i t h  two 
i n d e p e n d e n t  r e a c t i o n s  a re *
G as  p h a s e  m a t e r i a l  b a l a n c e  f o r  s p e c i e s  A and B
w i t h  b o u n d a r y  c o n d i t i o n s
a t  t h e  s o l i d  p a r t i c l e  s u r f a c e ,  r e
and a t  t h e  c e n t e r  o f  t h e  p a r t i c l e
The s o l i d  p h a se  m a t e r i a l  b a l a n c e
M. N-
-  /  j  a g i  ^ v i
w i t h  i t s  i n i t i a l  c o n d i t i o n
CS
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J* d? De i  371)  + ai  kv i * *  C,"1 -  0 (n x -8 4 )
De i  I = km i ( C i 0 -  Cl s ) ( 1 1 1 - 8 5 )
d r  ' r = r s
dC I
— 1  = 0  . ( 111 -8 6 )
d r  I r=o
-  V  i, . r , Mi  r . . Ni  ( 1 1 1 - 8 7 )
d t
= Cs0 . ( 1 1 1 - 8 8 )
t = o
The  g o v e r n i n g  e q u a t i o n s  f o r  t h e  g r a i n  model w i t h  two i n d e p e n d e n t  
r e a c t i o n s  a re *
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Gas  p h a s e  m a t e r i a l  b a l a n c e  f o r  s p e c i e s  A and B
Esi sL L EEil
i* dr dr J
+ 3 a
k s i  * c So c j
1 r s  3
'■si '' ° i  I „   T
\ a i  k s i  Cso r c /  , x z* \
1 — V ' t 7 )
= 0 C I I 1—89)
w i t h  b o u n d a r y  c o n d i t i o n s
a t  t h e  s o l i d  p a r t i c l e  s u r f a c e ,  r s
d C  4
^ e i  Hr 1 “ ^ m i ^ i o  "d r r = r ,
( i n - 9 0 )





( I I I —91)
The  s o l i d  p h a s e  m a t e r i a l  b a l a n c e
d r g
d t
a S i  k s t '  Ci
 Z 7~n---- 1 „  1
a i  k s i  So r c
e i ( • - £ )
( H I - 9 2 )
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w i t h  i t s  i n i t i a l  c o n d i t i o n
r ' l  = r s ' . ( 111- 93)
1 t = o
E s tim a tio n  o l  E nsrav  E f fe c ts
The p r e c e d i n g  model d e v e lo p m e n t  i s  b a s e d  on t h e  a s s u m p t i o n  t h a t  
t h e  r e a c t i n g  s y s t e m  d i d  n o t  s i g n i f i c a n t l y  d e v i a t e  from i s o t h e r m a l  
b e h a v i o r *  S i n c e  t h e  r e a c t i o n s  u n d e r  s t u d y  a r e  e x o t h e r m i c ,  i t  i s  
i n t e r e s t i n g  t o  i n v e s t i g a t e  any  t e m p e r a t u r e  r i s e  t h a t  m i g h t  o c c u r  
d u r i n g  r e a c t i o n  and what  f a c t o r s  c o n t r i b u t e  t o  t h a t  r i s e .  To do 
t h i s  t h e  maximum t e m p e r a t u r e  r i s e  a c r o s s  t h e  g a s  f i l m  and w i t h i n  
t h e  p a r t i c l e  a r e  e s t i m a t e d .  A " t o t a l "  maximum t e m p e r a t u r e  r i s e  may 
t h e n  be  d e t e r m i n e d  by a d d i n g  t h e  r i s e  a c r o s s  t h e  g a s  f i l m  t o  t h e  
r i s e  w i t h i n  t h e  p a r t i c l e .  I t  s h o u ld  be r e c o g n i z e d  t h a t  t h e  e s t i m a t e  
o f  t e m p e r a t u r e  r i s e  a c r o s s  t h e  g a s  f i l m  and t h u s  t h e  " t o t a l "  r i s e  
i n  t e m p e r a t u r e  w i l l  be  g r e a t e r  t h a n  t h e  t r u e  r i s e  s i n c e  t h e  r i s e  
a c r o s s  t h e  g a s  f i l m  i s  b a s e d  on t h e  maximum r e a c t i o n  r a t e .  In  
n o n c a t a l y t i c  s o l i d - g a s  r e a c t i o n s  t h e  r e a c t i o n  r a t e  i s  u s u a l l y  a 
maximum i n i t i a l l y  and d e c r e a s e s  t o  z e r o  a s  t h e  s o l i d  r e a c t a n t  i s  
consumed.  Both  e s t i m a t e s  o f  maximum t e m p e r a t u r e  r i s e  a r e  b a se d  
on  m e th o d s  s u g g e s t e d  by  S m i th  ( 7 ) .
At s t e a d y - s t a t e  t h e  h e a t  g e n e r a t e d  by  an e x o t h e r m i c  r e a c t i o n  
m us t  be  t r a n s f e r r e d  t o  t h e  b u l k  g a s  p h a s e .  T h e r e f o r e
Qr = Q (111-94)
where
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= h e a t  g e n e r a t e d  by  r e a c t i o n ,  -  i  Hr  V
AH = h e a t  o f  r e a c t i o n  r
Ra =  v o l u m e t r i c  r e a c t i o n  r a t e
V = volume o f  s o l i d ,  4 t t  r  * / 3s
Q = h e a t  t r a n s f e r  t o  b u l k  g a s  p h a s e ,  h a^ tT g  -  T0 ) 
h = e x t e r n a l  h e a t  t r a n s f e r  c o e f f i c i e n t  
anj = e x t e r n a l  s u r f a c e  a r e a  o f  s o l i d ,  4 n  r s a 
Tq = t e m p e r a t u r e  o f  b u l k  g a s  p h ase  
T s = t e m p e r a t u r e  o f  p a r t i c l e  s u r f a c e .
T e m p e r a t u r e  r i s e  a c r o s s  t h e  g a s  f i l m  may be e s t i m a t e d  by
(T s -  Tp ) -  -  A HI . . ( 1 1 1 - 9 5 )
3 n
Maximum t e m p e r a t u r e  r i s e  a c r o s s  t h e  g a s  f i l m  o c c u r s  i n i t i a l l y  when 
RA = RAo, t h e  i n i t i a l  r a t e .
( t  t  \ ^ Hr  r s ^Ao ,
s o^max ~  ^ h * (111-96)
A s im p le  m ethod  t o  e s t i m a t e  maximum i n t e r n a l  t e m p e r a t u r e  r i s e ,  
w h ich  can  be v i s u a l i z e d  as  o c c u r r i n g  i n  a zone m o d e l ,  was f i r s t  o u t ­
l i n e d  by  D am k o eh le r  and d i s c u s s e d  by  Sm i th  ( 7 ) .  T h i s  method p e r m i t s  
t h e  d e r i v a t i o n  o f  an a n a l y t i c a l  r e l a t i o n  b e tw ee n  c o n c e n t r a t i o n  o f  t h e  
g a s  r e a c t a n t  and t e m p e r a t u r e  a t  an y  p o i n t  i n  t h e  p e l l e t .  A m a t e r i a l  
b a l a n c e  f o r  a zone model w i t h  c o n s t a n t  e f f e c t i v e  d i f f u s i v i t y ,  D(, A, 
and an unknown i n t r i n s i c  rati . '  e x p r e s s i o n ,  K^, may be r e p n - s - ’n t e d  a s
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D /  dC, 
- f *  4 "  f  r«  T -^r *  d r  y d r = -  R, ( 1 1 1 - 9 7 )
An e n e r g y  b a l a n c e  may be w r i t t e n  f o r  t h e  same s y s t e m  a s
3  . d _  I t *  d i
A H„ r* dr  \ dr
= -  R, ( 1 1 1 - 9 8 )
where  ke = e f f e c t i v e  t h e r m a l  c o n d u c t i v i t y .
E q u a t i n g  e q u a t i o n s  ( 1 1 1 - 9 7 )  and ( 1 1 1 - 9 8 )  and i n t e g r a t i n g  w i t h  t h e  





( I I 1 -99)
= CA s ’ T r _ r = T s r = r s r ~r s
( I I I - 1 0 0 )
y i e l d s
T -  Ts  = -  i i J f - B s A  (CAS -  CA) . ( I I I - 1 0 1 )
The maximum i n t e r n a l  t e m p e r a t u r e  r i s e  o c c u r s  when CA = 0 ,  D a m k o e h l e r ' s  
e x p r e s s i o n  f o r  maximum t e m p e r a t u r e  r i s e  i s
(T -  T )  -  -  ^ ;ir  PeA CAs' 1 ^ ( I I I - 1 0 2 )
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The maximum i n t e r n a l  t e m p e r a t u r e  r i s e  f o r  t h e  u n r e a c t e d  c o r e  
model  c an  be p r e d i c t e d  f rom  an  a n a l y s i s  s i m i l a r  t o  t h e  one  p r e s e n t e d  
a b o v e .  The m a t e r i a l  b a l a n c e  f o r  t h e  u n r e a c t e d  c o r e  model was p r e ­
s e n t e d  by  e q u a t i o n  ( I I 1-8}
An e n e r g y  b a l a n c e  may be w r i t t e n  f o r  t h e  same s y s t e m  as
± -
d 7 ( i * £ ) = 0 '  * s > r > r c '  ( H I - 1 0 3 )
The  f o l l o w i n g  b o u n d a r y  c o n d i t i o n s  a p p l y  t o  e q u a t i o n s  ( I I I - 8 )  and 
( I I I - 1 0 3 )
CA = C AS< T = T s ( I I I - 1 0 4 )
A 1r = r s AS 1r = r s
-  RA ( "  A Hr ) + PS c-  5 - I c  ( I I I - 1 0 5 )
V / r = r  ^c
where
ps cps rc a Tc _
3 dt
= a c c u m u l a t i o n  o f  e n e r g y  i n  t h e  r e a c t a n t  c o r e
ps = d e n s i t y  o f  r e a c t a n t
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CpS = ^ e a *^ c a Pac i t y  o f  r e a c t a n t  
T = t e m p e r a t u r e  o f  r e a c t a n t  c o r e  ( f u n c t i o n  o f  t im e  
o n l y ) .
The e q u a t i o n s  f o r  p r e d i c t i n g  maximum i n t e r n a l  t e m p e r a t u r e  r i s e  u s i n g  
t h e  u n r e a c t e d  c o r e  model a r e  much more d i f f i c u l t  t o  s o l v e  t h a n  t h e  
e q u a t i o n s  b a se d  on t h e  zone  m o d e l s .  No f u r t h e r  e f f o r t  h a s  been  
made t o  s o l v e  t h e  e q u a t i o n s  o f  t h e  u n r e a c t e d  c o r e  m o d e l .
The maximum t o t a l  t e m p e r a t u r e  r i s e ,  c a l c u l a t e d  f rom  t h e  sum o f  
e q u a t i o n s  ( 1 1 1 - 9 5 )  and ( I I I - 1 0 2 ) ,  i s  b a se d  on t h e  zone m o d e l s .
E q u a t i o n s  ( 1 1 1 - 9 5 ) ,  ( I I I - 1 0 2 ) ,  and ( I I I - 1 0 6 )  were  u s e d  t o  demon­
s t r a t e  t h a t  t h e  i s o t h e r m a l  a s s u m p t i o n  was j u s t i f i e d  i n  a m a j o r i t y  o f  
t h e  e x p e r i m e n t a l  r u n s .  The r e s u l t s  o f  t h i s  a n a l y s i s  a r e  p r e s e n t e d  i n  
C h a p t e r  V I I .
P a r a m e t e r  E v a l u a t i o n
I n  t h e  p r e c e d i n g  m a t h e m a t i c a l  d e r i v a t i o n s  o f  r e a c t i o n  m o d e ls  
many p a r a m e t e r s  were  u s ed  t o  d e s c r i b e  k i n e t i c ,  h e a t ,  and mass  t r a n s ­
f e r  e f f e c t s .  I f  t h e  m o d e ls  a r e  t o  be u sed  f o r  a n a l y s i s ,  v a l u e s  f o r  
t h e s e  p a r a m e t e r s  m us t  be d e t e r m i n e d  e i t h e r  e x p e r i m e n t a l l y  o r  by  
i n d e p e n d e n t  e s t i m a t i o n  t e c h n i q u e s  d e s c r i b e d  i n  t h e  l i t e r a t u r e .  As 
m e n t i o n e d  e a r l i e r  i n  t h i s  c h a p t e r  some.’ o f  t h o s e  p a r a m e t e r s  may bo 
d e t e r m i n e d  by  m a t c h i n g  e x p e r i m e n t a l  d a t a  t o  t h e  a n a l y t i c a l  s o l u t i o n  
o f  t h e  u n r e a c t e d  c o r e  m o d e l .  An o b v i o u s  a d v a n t a g e  o f  u s i n g  t h i s
o 'max (1 1 1 - 1 0 6 )
91
m eth o d  i s  t h a t  r e a l ,  e x p e r i m e n t a l  v a l u e s  a r e  u s e d  t o  d e t e r m i n e  t h e  
p a r a m e t e r s .  D i s a d v a n t a g e s  o f  u t i l i z i n g  t h i s  t e c h n i q u e  a r e  t h a t  
p a r a m e t e r s  become b i a s e d  to w a r d  t h e  u n r e a c t e d  c o r e  m ode l  and t h a t  
d e t e r m i n i n g  t h e  e x t e r n a l  mass  t r a n s f e r  c o e f f i c i e n t  i s  a l e n g t h y  
t r i a l  and  e r r o r  c a l c u l a t i o n .
M ethods  u s e d  t o  e s t i m a t e  " p r i m a r y "  p a r a m e t e r s ,  t h o s e  t h a t  
e n t e r  d i r e c t l y  i n t o  t h e  m o d e l s ,  a r e  d e s c r i b e d  b e lo w .  " S e c o n d a r y "  
p a r a m e t e r s  and p r o p e r t i e s ,  t h o s e  t h a t  a r e  u t i l i z e d  t o  e s t i m a t e  
p r i m a r y  p a r a m e t e r s ,  a r e  d e t e r m i n e d  by  m e thods  p r e s e n t e d  i n  Appendix  
B. U n f o r t u n a t e l y ,  p a r a m e t e r  v a l u e s  o b t a i n e d  by  m a t c h i n g  e x p e r i m e n t a l  
d a t a  t o  t h e  u n r e a c t e d  c o r e  model  were  n o t  c o n s i s t e n t .  T h a t  i s ,  
w i d e l y  d i f f e r e n t  p a r a m e t e r  v a l u e s  w e re  o b t a i n e d  f o r  r u n s  t h a t  were  
p e r f o r m e d  u n d e r  s i m i l a r  c o n d i t i o n s .
P a r a m e t e r  e v a l u a t i o n  from e x p e r i m e n t a l  d a t a .  I n  g e n e r a l , k i n e t i c  
m o d e l s  may be u s e d  t o  e v a l u a t e  p a r a m e t e r s  by  n u m e r i c a l l y  d e t e r m i n i n g  
t h e  v a l u e s  which  p r o v i d e  t h e  b e s t  " f i t "  t o  e x p e r i m e n t a l  d a t a .  T h i s  
may be done  by  d e f i n i n g  an e r r o r  f u n c t i o n  which  i s  a m easu re  o f  
t h e  d e v i a t i o n  o f  t h e  p r e d i c t e d  c o n v e r s i o n  from t h e  m e asu re d  c o n v e r ­
s i o n .  Such an  e r r o r  f u n c t i o n  may be t h e  summation  o f  t h e  a b s o l u t e  
v a l u e s  o f  t h e  d i f f e r e n c e  o f  t h e  p r e d i c t e d  m inus  t h e  e x p e r i m e n t a l  
c o n v e r s i o n  a t  g i v e n  i n t e r v a l s  o f  t i m e  o r  t h e  sum m ation  o f  t h e  s q u a r e s  
o f  t h o s e  d i f f e r e n c e s .  The p r o b le m  i s  t h e n  t o  f i n d  t h e  p a r a m e t e r  
v a l u e s  w h ich  m in im i z e  t h a t  e r r o r  f u n c t i o n .  T h i s  may be done on a 
c o m p u te r  u s i n g  a s t a n d a r d  " o p t i m i z i n g "  p r o g r a m .
M a tc h in g  a complex  k i n e t i c  model t o  e x p e r i m e n t a l  d a t a  can  be 
v e r y  c o s t l y  i n  t e r m s  o f  c o m p u te r  t i m e .  The e q u a t i o n s  which d e s c r i b e
t h e  model  must  be s o l v e d  e a c h  t i m e  a p a r a m e t e r  i s  v a r i e d .  B e s i d e s  
h a v i n g  many p a r a m e t e r s ,  t h e  more com plex  m ode ls  m u s t ,  i n  g e n e r a l ,  be 
s o l v e d  n u m e r i c a l l y .  T h u s ,  i t  c an  q u i c k l y  become i m p r a c t i c a l  t o  
d e t e r m i n e  p a r a m e t e r s  by  t h i s  m e th o d .
The u n r e a c t e d  c o r e  m o d e l ,  h o w e v e r ,  i s  a r e l a t i v e l y  s im p le  model 
w i t h  o n l y  t h r e e  " k e y "  p a r a m e t e r s  and an  a n a l y t i c a l  s o l u t i o n  t o  t h e  
e q u a t i o n s  w h ich  d e s c r i b e  t h i s  model e x i s t s .  T h i s  f a c t o r  makes t h e  
u n r e a c t e d  c o r e  model am enab le  t o  a " d a t a - m a t c h i n g "  scheme i n  o r d e r  
t o  d e t e r m i n e  p a r a m e t e r s .
Two ways o f  u t i l i z i n g  t h e  u n r e a c t e d  c o r e  model t o  d e t e r m i n e  model 
p a r a m e t e r s  a r e  d i s c u s s e d  h e r e .  One method i n v o l v e s  u s i n g  o n l y  i n i t i a l  
r a t e  d a t a  w h e r e a s  t h e  o t h e r  m ethod  i n v o l v e s  u s i n g  d a t a  t a k e n  a f t e r  
t h e  r e a c t i o n  h a s  s t a r t e d .  The e q u a t i o n s  r e s u l t i n g  from t h e  two 
m e th o d s  may be s o l v e d  s i m u l t a n e o u s l y  by  t r i a l  and e r r o r  t o  y i e l d  
v a l u e s  o f  t h e  e x t e r n a l  mass  t r a n s f e r  c o e f f i c i e n t ,  t h e  e f f e c t i v e
d i f f u s i v i t y ,  De ^ ,  and t h e  r e a c t i o n  r a t e  c o n s t a n t ,  k s . However ,  s i n c e  
s o l v i n g  t h e s e  e q u a t i o n s  s i m u l t a n e o u s l y  i s  t e d i o u s ,  i t  i s  g e n e r a l l y  
e a s i e r  t o  o b t a i n  an  i n d e p e n d e n t  e s t i m a t e  o f  kmA,
I n i t i a l  Ra te  Method* I n i t i a l  r a t e  d a t a  can  be u s e d  t o  o b t a i n  a 
v a l u e  f o r  t h e  e x t e r n a l  mass  t r a n s f e r  c o e f f i c i e n t  p r o v i d e d  art e s t i m a t e  
o f  t h e  r e a c t i o n  r a t e  c o n s t a n t  i s  a v a i l a b l e .  I n  o r d e r  t o  d e r i v e  t h e  
a p p r o p r i a t e  e x p r e s s i o n ,  e q u a t i o n s  ( 1 1 1 - 1 4 ) ,  ( I I I - 1 6 ) ,  and ( i l l —18) 
a r e  combined  and r e s t r i c t e d  t o  i n i t i a l  r e a c t i o n  r a t e s ,  t  -  0 .  From 
e q u a t i o n  ( 1 1 1 - 1 6 )  i t  can  bo shown t h a t
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S u b s t i t u t i n g  e q u a t i o n  ( I I I —14)  and ( I I I - 1 0 7 )  i n t o  ( 1 1 1 - 1 8 )  y i e l d s
dx  _  3 r ca
d t  ~ r s 3
a s k s  Cao
a* k c ^So r?  a A Tc
kmA r s8 JeA
. C u r - 1 0 8 )
E q u a t i o n  ( I I 1—108) may be s i m p l i f i e d  by  r e c a l l i n g  t h a t  a t  t  = 0 ,




3 aS W  k S 
r s tk mA ‘  aA k s Cso ) JAo
( i n - 1 0 9 )
E q u a t i o n  ( I I I - 1 0 9 )  i s  o f  t h e  form
Y = M X
where
dx
d t t = o
X = CAo
M 1 =  -
3 kmA k s 
r s ^ kmA " a A k s ^So^
A l l  t h e  t e r m s  i n  e q u a t i o n  ( I I I - 1 0 9 )  can  be m easu red  e x p e r i ­
m e n t a l l y  e x c e p t  k ^  and k s . E q u a t i o n  ( I I 1—109) can  be s o l v e d  
s i m u l t a n e o u s l y  w i t h  e q u a t i o n  ( I l l - I l l )  which  f o l l o w s  t o  y i e l d  v a l u e s
o f  k k e ,  and DdA. T h i s  s o l u t i o n  i s  l e n g t h y  and i t  i s  much e a s i e r  mA s
t o  o b t a i n  an i n d e p e n d e n t  I ' s t im ut .e  o f  k . T!v' i n i t i  il r a t e  method 
can  t h e n  be u s e d  a s  a method 1 o v F - y  k,..
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D e v e lo p e d  R a te  Method* T i m e - c o n v e r s i o n  d a t a  can  be u s e d  t o  
d e t e r m i n e  DeA and k s i f  an e s t i m a t e  o f  kmA can  be o b t a i n e d .  Equa­
t i o n  ( I 11 -2 1 )  can  be  r e a r r a n g e d  t o  g i v e
t  .  aA T» cSo *
3 a 3 ^mA ^Ao
[1  -  (1 -  x ) 1 / 3 ]
a A r s 8 °So 
S ^eA ^Ao
1 + 2 (1  -  x )  -  3 (1  -  x ) 8 / 3 
1 - ( I  -  x ) 1/ 3
a S k s CAo
E q u a t i o n  ( X I I —111) i s  o f  t h e  form




a A r s C£,q x 
3 a S CAo
[1  - (1 -  x ) 1 / 5 ]
M/  / _  aA Ts a ^ o
6 a s  ^eA ^Ao
X = 1 + 2 ( 1 -  x) - _ 3 ( L  -  x ) a / 31 -  (1 -  x ) V a
B  =  — -------
a S k s ^Ao
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T i m e - c o n v e r s i o n  d a t a  a t  any  t i m e  a f t e r  t h e  r e a c t i o n  h a s  s t a r t e d  
(X 0 ) ,  and an e s t i m a t e  o f  k ^  and o t h e r  p a r a m e t e r s  t h a t  can  be 
d i r e c t l y  c a l c u l a t e d  a r e  u t i l i z e d  t o  d e t e r m i n e  a s e t  [Y ,X ] ,  T h i s  
s e t  [Y ,X]  i s  t h e n  c o r r e l a t e d  by  r e g r e s s i o n  a n a l y s i s  t o  t h e  l i n e a r  
e q u a t i o n  ( I I I - 1 1 2 ) .  From t h e  r e s u l t i n g  s l o p e  and i n t e r c e p t ,  v a l u e s  
f o r  DeA and k s may be  c a l c u l a t e d .
I n d e p e n d e n t l y  e s t i m a t e d  p a r a m e t e r s . Most o f  t h e  p a r a m e t e r s  
u t i l i z e d  i n  t h e  c h e m i c a l  r e a c t i o n  m o d e ls  d i s c u s s e d  i n  t h i s  c h a p t e r  
c an  be e s t i m a t e d  f rom  m easu red  o r  known p r o p e r t i e s  u s i n g  a p p r o p r i a t e  
c o r r e l a t i o n s  from t h e  l i t e r a t u r e .  Of t h e  t h r e e  p a r a m e t e r s  d i s c u s s e d  
i n  c o n j u n c t i o n  w i t h  t h e  u n r e a c t e d  c o r e  model o n l y  t h e  r e a c t i o n  r a t e  
c o n s t a n t  r e q u i r e s  e x p e r i m e n t a l  m e a s u re m e n t .  The e x p e r i m e n t a l  p r o ­
c e d u r e  u s ed  t o  d e t e r m i n e  t h e  r e a c t i o n  r a t e  c o n s t a n t  i s  d i s c u s s e d  i n  
C h a p t e r  V I .  The e f f e c t i v e  d i f f u s i v i t y  and e x t e r n a l  mass  t r a n s f e r  
c o e f f i c i e n t  can  be e s t i m a t e d  by c o r r e l a t i o n s  found i n  t h e  l i t e r a t u r e .  
However ,  an e s t i m a t e d  v a l u e  o f  t h e  e f f e c t i v e  d i f f u s i v i t y  i s  n o t  
n o r m a l l y  c o n s i d e r e d  t o  be h i g h l y  r e l i a b l e ,  r e g a r d l e s s  o f  t h e  t e c h n i q u e  
u s e d  t o  o b t a i n  i t  ( 7 , 1 0 , 2 0 ) .  In  g e n e r a l  t h e  e s t i m a t e d  v a l u e  o f  t h e  
e f f e c t i v e  d i f f u s i v i t y  may be a s  good a s  some o f  t h e  o t h e r  i n p u t s  t o  
t h e  model such  a s  t h e  c h a r a c t e r i z a t i o n  o f  s o l i d  p r o p e r t i e s .  B e s i d e s  
t h e s e  t h r e e  "key'* p a r a m e t e r s  t h e m  a re  o t h e r s  f o r  which  v a l u e s  must 
be e s t i m a t e d  from known p r o p e r t i e s .
The m ass  and h e a t  t r a n s f e r  c o e f f i c i e n t s  can  be e s t i m a t e d  by  a 
m ethod f i r s t  p r o p o s e d  by  F r o e s s l i n g  and l a t e r  v e r i f i e d  and r e f i n e d
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b y  o t h e r s  ( 8 ,  2 1 ,  2 2 ,  2 3 ) .  The c o r r e l a t i o n s  u t i l i z e d  i n  t h i s  work 
a r e  (23)*
f o r  t h e  mass  t r a n s f e r  c o e f f i c i e n t
NSh = A -  B V "  NS c "  ( H I —113)
f o r  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t
NNu = A + B ^  NP r "  ( I I I - U 4 )
where
Ngh — Sherwood number ,  ^
Dm
2 Xs GNpe =■ R ey n o ld s  num ber ,  —
D'q
Nq„ = Schm id t  number ,   r —
Pg Dm
2 h r cNNu ~ N u s s e l t  number,
ke
PN_ = P r a n d t l  number ,  —H a  P r  x&
A,B,m,n  = f u n c t i o n s  o f  NPe and Ngc o r  Npr , d e f i n e d  i n  T a b l e  1 I I - I ,
D = m o l e c u l a r  d i f f u s i o n  c o n s t a n t  f o r  r e a c t a n t  g a s  t h r o u g h  m
b u l k  g a s  s t r e a m  ( D e f in e d  i n  Appendix  B)
G = mass  f l u x  o f  g a s  ( D e f i n e d  i n  Appendix  B) 
pig = b u l k  g a s  v i s c o s i t y  ( D e f i n e d  i n  Appendix  B) 
pg = b u l k  g a s  d e n s i t y  (D e f in e d  i n  Appendix  B)
Cp = bulk g a s  h e a t  c a p a c i t y  (D e f in ed  in  Appendix B)
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TABLE I I I - I  
COEFFICIENTS FOR THE FROESSLING EQUATION
R e y n o l d s
Number
S c h m i d t / P r a n d t l
Number C o n s t a n t s
Range Range A B m n
1 < NRe <  450 NS c , Np r  < 250 2 0 . 6 0 , 5 0 . 3 3
1 < NRe < 17 Nsc» Npr  ^ 2 0 . 5 0 . 5 0 . 4 2
17 <  NRe <  450 NS c ’ NP r  >  250 2 0 . 4 0 . 5 0 . 4 2
4 5 °  <  NRe
< 1 0 ,0 0 0 ^ s c »  ^  250 2 0 . 2 7 0 . 6 2 0 . 3 3
450  < NRe
< 1 0 ,0 0 0 NSc >  250* 2 0 . 1 7 5 0 . 6 2 0 . 4 2
■"Constants  f o r  e q u a t i o n  ( I I I - 1 1 4 )  a r e  n o t  d e f i n e d  f o r  t h i s  r a n g e .
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The e f f e c t i v e  d i f f u s i v i t y  e s t i m a t e  i s  b a s e d  on t h e  random p o r e  
model  o f  Wakao and S m i th  ( 9 )  w hich  a s su m e s  t h a t  e f f e c t i v e  d i f f u s i v i t y  
i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  p o r o s i t y .  A m o d i f i c a t i o n  s u g ­
g e s t e d  by  Wen (6 )  was  i n c o r p o r a t e d  i n t o  t h e  random p o r e  m o d e l .  T h i s  
m o d i f i c a t i o n  a ssum es  t h a t  e f f e c t i v e  d i f f u s i v i t y  i s  p r o p o r t i o n a l  t o  
p o r o s i t y  r a i s e d  t o  t h e  8 power where  p i s  a p o s i t i v e  c o n s t a n t  b e tw e e n  
two and t h r e e .  F o r  t h e  m a j o r i t y  o f  c a s e s  s t u d i e d  a v a l u e  o f  two was 
u t i l i z e d  f o r  8 .  While  t h i s  method  h a s  had  a f a i r  d e g r e e  o f  s u c c e s s  
c o r r e l a t i n g  some e x p e r i m e n t a l  d a t a ,  no m ethod  i s  c o n s i d e r e d  t o  be 
c o m p l e t e l y  r e l i a b l e  f o r  p r e d i c t i n g  e f f e c t i v e  d i f f u s i v i t y  ( 7 , 1 0 , 2 0 ) .  
The c o r r e l a t i o n  u t i l i z e d  i n  t h i s  work i s *
8 = a c o n s t a n t  w i t h  a v a l u e  b e tw e e n  two and t h r e e ,  u s u a l l y  two 
e = p o r o s i t y ,  u s u a l l y  e c  o r  Cf
= c o m b i n a t i o n  o f  Knudsen and m o l e c u l a r  d i f f u s i o n  c o e f f i c i e n t s ,  
d e f i n e d  by  t h e  f o l l o w i n g  r e l a t i o n  ( 7 , 1 0 , 2 0 )
D,. = Knudsen d i f f u s i o n  c o e f f i c i e n t  ( D e f i n e d  i n  Appendix  B) 
F i n a l  p o r o s i t y  e s t i m a t e s  o r e  b a s e d  on m e a s u re m e n ts  o f  i n i t i a l  
p o r o s i t y ,  a know ledge  o f  t h e  d i f f e r e n t  m o l e c u l a r  d e n s i t i e s  el' ZnO
( I I 1 - 4 6 )
where
( I I I - 1 1 5 )
where
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and  ZnS ,  and t h e  a s s u m p t i o n  t h a t  t h e  p e l l e t  m a i n t a i n s  a c o n s t a n t  volume 
d u r i n g  r e a c t i o n .  The i n i t i a l  p o r o s i t y  i s  c a l c u l a t e d  f rom :
W_
P V ZnO v
( I I I - 1 1 6 )
w here
WQ = i n i t i a l  w e i g h t  o f  ZnO
f>/ — t r u e  d e n s i t y  o f  ZnO, 5 . 6 0 6  g/cm3 (2 4 )
ZnO
4 4V = volume o f  p e l l e t ,  ^  rr r s  .
The  f i n a l  p o r o s i t y ,  a t  X = 1 . 0 ,  c a n  be d e t e r m i n e d  b y :
W,X
■f -  * v
( I I I - 1 1 7 )
PZnS
w here
= 4 . 0 4  g /cma , a v e r a g e  o f  t h e  two fo rm s  o f  ZnS (21)  
The f i n a l  w e i g h t  o f  t h e  p e l l e t ,  a t  X = 1 . 0 ,  i s :
Wf = wc
[■




MWznS = m o l e c u l a r  w e i g h t  o f  ZnS, 9 7 . 4 3  
MWznO = m o l e c u l a r  w e i g h t  o f  ZnO, 8 1 . 3 7 .
S u b s t i t u t i n g  e q u a t i o n  ( I I I - 118) i n t o  e q u a t i o n  ( I I I - 1 1 7 )  and r e a r r a n g i n g  
y i e l d s *




MWZnS ~ MW 
MWznO
ZnO
( 1 1 1 - 1 1 9 )
100
S u b s t i t u t i n g  e q u a t i o n  ( I I I - 116)  and a v a i l a b l e  c o n s t a n t s  i n t o  e q u a t i o n  
( I I I - 1 1 9 )  and s i m p l i f y i n g  l e a v e s *
An a  p r i o r i  method t o  e s t i m a t e  i n t e r n a l  g r a i n  d i f f u s i o n  ( s o l i d -  
s t a t e  d i f f u s i o n )  c o u l d  n o t  be  found i n  t h e  l i t e r a t u r e .  V a r i o u s  
v a l u e s  o f  D g ^ ' ,  e i t h e r  e q u a l  t o  o r  l e s s  t h a n  DeA, were  u s e d  i n  t h e  g r a i n  
model o n l y  t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  i n t e r n a l  g r a i n  d i f f u s i o n .
The a v e r a g e  g r a i n  r a d i u s  was d e t e r m i n e d  by  r e l a t i n g  t h e  s p e c i f i c  
s u r f a c e  a r e a  t o  t h e  g e o m e t r y  o f  a s p h e r i c a l  g r a i n .
Ag = s p e c i f i c  s u r f a c e  a r e a ,  d i s c u s s e d  i n  C h a p t e r  V. 
S o l v i n g  e q u a t i o n  ( I I I - 1 2 1 )  f o r  g r a i n  r a d i u s  g i v e s *
H e a t  t r a n s f e r  p a r a m e t e r s  t h a t  must  be e s t i m a t e d  i n c l u d e  t h e  h e a t  
t r a n s f e r  c o e f f i c i e n t ,  h ,  e f f e c t i v e  t h e r m a l  c o n d u c t i v i t y ,  k0 , and t h e  
h e a t  o f  r e a c t i o n ,  6  Hr . The method u s e d  t o  e s t i m a t e  t h e  h e a t  t r a n s f e r  
c o e f f i c i e n t  was d i s c u s s e d  a l o n g  w i t h  t h e  mass  t r a n s f e r  c o e f f i c i e n t  
s i n c e  t h e  m e th o d s  u s ed  wore  a n a l o q o u ' . .  Tin- h e a t  o f  reac t ,  ion  i s  a





s t a n d a r d  th e rm o d y n a m ic  c a l c u l a t i o n  and i s  r e p o r t e d  w i t h  e q u i l i b r i u m  
c o n s t a n t s  i n  Appendix  D, The e f f e c t i v e  t h e r m a l  c o n d u c t i v i t y  was 
e s t i m a t e d  by  t h e  a p p r o a c h  o f  Woodside  and Messmer ( 7 , 2 5 , 2 6 )
ke = k ( c a ) '  (III-123)
where
C ell
k = t h e r m a l  c o n d u c t i v i t y  o f  ZnS, 0 .0 0 6 2 1 4  57 7 (27 )k cm sec
k = t h e r m a l  c o n d u c t i v i t y  o f  t h e  g a s  p h ase  ( D e f in e d  i n  Appendix  B ) .
9
S e v e r a l  v a r i a b l e s  u t i l i z e d  i n  t h e  m o d e l in g  e f f o r t s  wore d i r e c t l y  
m e a s u re d  o r  c a l c u l a t e d .  T h e s e  v a r i a b l e s  i n c l u d e  t h e  p a r t i c l e  r a d i u s ,  
r s , w h ich  i s  h a l f  t h e  m easu red  d i a m e t e r .  The d i a m e t e r  was t a k e n  a s  
t h e  a v e r a g e  o f  f o u r  m e a s u r e m e n t s ,  t a k e n  w i t h  an  Ames t h i c k n e s s  m e t e r ,  
a c r o s s  a random d i a m e t e r ,
D =r  = —  ( I I I - 1 2 4 )s 2
whe r e
Ds = p a r t i c l e  d i a m e t e r .
The c o n c e n t r a t i o n  o f  t h e  g a s  r e a c t a n t  i n  t h e  b u l k  g a s  s t r e a m  was 
c a l c u l a t e d  by  t h e  i d e a l  g a s  l aw .
CAc = Of* (1 1 1 -1 2 5 )
where
10?
p^0 -  p a r t i a l  p r e s s u r e  o f  A, f r a c t i o n  o f  A i n  g a s  s t r e a m  a t  
one  a tm o s p h e re  (m e a s u r e d )
R -  g a s  c o n s t a n t  ^ 0 , 0 8 2 0 6  )
T = t e m p e r a t u r e  o f  g a s  s t r e a m ,  °K ( m e a s u r e d ) .
The c o n c e n t r a t i o n  o f  t h e  s o l i d  r e a c t a n t  i n  a g r a i n  i s i
PZnO ,
c s °  = 5 5 ^  ’ >
and i n  t h e  p a r t i c l e
CSo =  <l  -  € o> CS o '  • ( I I I - 1 2 7 )
T h e r e  a r e  many o t h e r  p a r a m e t e r s  t h a t  a r e  n o t  d i r e c t l y  u sed  i n  t h e  
m o d e l s ,  b u t  a r e  u s e d  t o  e s t i m a t e  o t h e r  p a r a m e t e r s .  M ethods  u sed  t o  
e s t i m a t e  t h e s e  " s e c o n d a r y "  p a r a m e t e r s  a r e  g i v e n  i n  Appendix  B.
L i t e r a t u r e  C i t e d
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CHAPTER IV
NUMERICAL 90LUTION TO REACT ION MODELS
I n  t h e  p r e c e d i n g  c h a p t e r  t h e  u n r e a c t e d  c o r e  model was s o l v e d  
a n a l y t i c a l l y  f o r  t h e  s i n g l e  r e a c t a n t  g a s  s y s te m  w h i l e  t h e  more complex 
v o l u m e t r i c  and g r a i n  m o d e l s  w ere  l e f t  i n  a form w h ich  r e q u i r e s  n u m e r i c a l  
s o l u t i o n .  I n  t h e  combined  r e a c t a n t  ga s  s y s te m  a l l  t h r e e  m o d e ls  r e q u i r e  
n u m e r i c a l  s o l u t i o n .  I t  i s  t h e  p u r p o s e  o f  t h i s  c h a p t e r  t o  o u t l i n e  t h e  
n u m e r i c a l  t e c h n i q u e s  u s e d  t o  o b t a i n  t h e s e  s o l u t i o n s .  The t e c h n i q u e s  
u t i l i z e d  a r e  d e s c r i b e d  i n  d e t a i l  f o r  t h e  s i n g l e  r e a c t a n t  g a s  sys tem  
and a r e  t h e n  e x t e n d e d  t o  t h e  combined g a s  s y s t e m .  The c h a p t e r  e n d s  
w i t h  a b r i e f  d i s c u s s i o n  o f  t h e  a c c u r a c y  o f  t h e  co m p u te r  p rog ram s  u s ed  
t o  im p lem en t  t h e  n u m e r i c a l  t e c h n i q u e s .
The  d i f f e r e n c e  b e t w e e n  t h e  more complex m o d e ls  and t h e  u n r e a c t e d  
c o r e  model i s  t h a t  t h e  g a s  and s o l i d  p h ase  m a t e r i a l  b a l a n c e s  a r e  
c o u p l e d  by  t h e  r e a c t i o n  t e r m  i n  t h e  fo rm er  c a s e s .  T h i s  c o u p l i n g  o f  
t h e  m a t e r i a l  b a l a n c e s  r e q u i r e s  t h a t  t h e  e q u a t i o n s  be s o l v e d  s i m u l ­
t a n e o u s l y  w h e r e a s  t h e  u n c o u p le d  e q u a t i o n s  o f  t h e  u n r e a c t e d  c o r e  
model were  s o l v e d  c o n s e c u t i v e l y .  The t e c h n i q u e  b y  which  t h e  c o u p le d  
e q u a t i o n s  a r e  s o l v e d  f o l l o w s *  ( l )  C a l c u l a t e  t h e  r e a c t a n t  g a s  c o n c e n ­
t r a t i o n  a t  d i s c r e t e  v a l u e s  o f  5* t h e  d i m e n s i o n l e s s  r a d i a l  c o o r d i n a t e .
( 2 ) S u b s t i t u t e  t h e  g a s  c o n c e n t r a t i o n  i n t o  t h e  s o l i d  m a t e r i a l  b a l a n c e ,  
and  i n t e g r a t e  o v e r  a s m a l l  t i m e  s t e p ,  A0, f o r  e a c h  v a l u e  o f  5* (3 )
A f t e r  e a c h  t i m e  s t e p  d e t e r m i n e  t h e  l o c a l  e x t e n t  o f  r e a c t i o n  and 
i n t e g r a t e  o v e r  t h e  r a d i a l  coo rd ina te*  t o  o b t a i n  t h e  o v e r a l l  e x t e n t  o f
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r e a c t i o n ,  (The o v e r a l l  e x t e n t  o f  r e a c t i o n ,  w h ic h  i s  a l s o  r e f e r r e d  t o  
a s  t h e  f r a c t i o n a l  c o n v e r s i o n  o f  t h e  s o l i d  r e a c t a n t ,  i s  t h e  b a s i s  f o r  
c o m p a r i s o n  b e tw e e n  t h e  m ode ls  and e x p e r i m e n t a l  d a t a , )  ( 4 )  T h i s  p r o ­
c e d u r e  i s  r e p e a t e d  u n t i l  t h e  d e s i r e d  f r a c t i o n a l  c o n v e r s i o n  o f  t h e  
s o l i d  i s  r e a c h e d .
The  d i s c r e t e  v a l u e s  o f  § ,  a t  which  t h e  d e p e n d e n t  v a r i a b l e s  a r e  
c a l c u l a t e d ,  a r e  d e t e r m i n e d  by  d i v i d i n g  t h e  r a d i a l  c o o r d i n a t e  i n t o  P 
s eg m e n t s  o f  u n i f o r m  l e n g t h ,  h .  The  v a l u e s  o f  § u s e d  i n  t h e  c a l c u l a t i o n s  
a r e  t h e  b o u n d a r i e s  o f  t h e s e  s e g m e n t s .  The d i s c r e t e  v a l u e s  o f  5 a n d 
i t s  d e p e n d e n t  v a r i a b l e  a r e  s u b s c r i p t e d  by  j .  The v a l u e  o f  j  w i l l  be 
one  a t  t h e  c e n t e r  o f  t h e  s o l i d  p a r t i c l e  and P + 1 a t  t h e  e x t e r i o r  
s u r f a c e .
S i n g l e  R e a c t a n t  Gas S ys tem s
F o r  t h e  s i n g l e  r e a c t a n t  g a s  s y s te m  t h e  v o l u m e t r i c  and g r a i n  
m o d e ls  must be s o l v e d  n u m e r i c a l l y .  B o th  m o d e ls  c o n t a i n  two e q u a t i o n s ,  
a r e a c t a n t  g a s  m a t e r i a l  b a l a n c e  and a s o l i d  r e a c t a n t  m a t e r i a l  b a l a n c e ,  
w h ic h  a r e  c o u p l e d  t h r o u g h  t h e  r e a c t i o n  r a t e  t e r m .  S i n c e  t h e  v o l u m e t r i c  
model  i s  n o n l i n e a r  and t h e r e f o r e  more com plex ,  i t  w i l l  be  d e s c r i b e d  
f i r s t .  The g r a i n  model  s o l u t i o n ,  e x c e p t  f o r  t h e  f a c t  t h a t  i t s  e q u a ­
t i o n s  a r e  l i n e a r ,  i s  s i m i l a r .  O n ly  t h e  d i f f e r e n c e s  i n  t h e  two s o l u t i o n s  
a r e  e x p l a i n e d  i n  t h e  d e s c r i p t i o n  o f  t h e  g r a i n  m o d e l .
N u m e r i c a l  s o l u t i o n  o f  t h e  v o l u m e t r i c  m o d e l .  The e q u a t i o n s  and 
t h e  b o u n d a ry  c o n d i t i o n s  w h ich  d e s c r i b e  t h e  v o l u m e t r i c  mode] were  
d e r i v e d  i n  C h a p t e r  I I I .  T hey  a r e  r e p e a t e d  h e r e  f o r  e a s y  r e f e r e n c e .
The g a s  r e a c t a n t  m a t e r i a l  b a l a n c e  i s
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+ yU  - s ) ]
SMCN
+ y (1 -  3 ) ] P
(1 1 1 - 5 0 )
w i t h  t h e  b o u n d a r y  c o n d i t i o n s
& = 0
5=0





t< 1 -  C) 
y U  -  s ) f
(1 1 1 - 5 1 )
The s o l i d  r e a c t a n t  m a t e r i a l  b a l a n c e  i s
( I I 1-44)
w i t h  t h e  i n i t i a l  c o n d i t i o n
0 =0 v
= 1 (1 1 1 - 4 5 )
The s o l u t i o n  t o  e q u a t i o n  (1 1 1 - 5 0 )  u t i l i z e s  a q u a s i l i n e a r i z a t i o n  
m ethod  d e s c r i b e d  by  Lee ( l ) .  The n o n l i n e a r  t e r m s  i n  t h e  e q u a t i o n  a r e  
l i n e a r i z e d  w i t h  a t r u n c a t e d  T a y l o r  s e r i e s .  The r e s u l t i n g  l i n e a r i z e d
108
e q u a t i o n  i s  u s e d  t o  im prove  an  i n i t i a l  e s t i m a t e  o f  t h e  s p a t i a l  p r o f i l e  
o f  t h e  g a s  c o n c e n t r a t i o n  b y  i t e r a t i o n  u n t i l  s u b s e q u e n t  im provem en ts  a r e  
l e s s  t h a n  a s e l e c t e d  t o l e r a n c e .
A T a y l o r  s e r i e s  e x p a n s i o n ,  t r u n c a t e d  a f t e r  t h e  f i r s t  t e r m ,  f o r  
t h e  f u n c t i o n  i | f(5»C,dC/d5) i s *
I t + l  v dW  I t* d I t+ V ' i t + l
- c _ J L
aCac /dsD i t t I t + l u
( i v - 1 )
w here  I t  = s u b s c r i p t  i n d i c a t i n g  a t  which  i t e r a t i o n  t h e  v a r i a b l e  i s  
e v a l u a t e d .  A p p ly in g  t h i s  p r o c e d u r e  t o  e q u a t i o n  ( I H - b O )  and s e p a r a t i n g  
t e r m s  a c c o r d i n g  t o  i t e r a t i o n  number y i e l d s
a ? 2
_ r - t f  as - 2 1
L 1 +  Y d  -  s) d ?  5 JI t + l I t + l
N a A <t>» s V * " 1 .
[1  + y ( l  -  S )3 S ' i t
= (N -  l ) a A <  S^CN 
I t + l  [1  + y ( l  -  s )  f
. (IV-2)
I t
The  f o l l o w i n g  f i n i t e  d i f f e r e n c e  a p p r o x i m a t i o n s  a r e  t h e n  s u b s t i t u t e d  
i n  e q u a t i o n  ( IV—2 )
C j+1 -  2Cj + C j . 1  
d§a j  h2
(IV -3 )
a c  I -  "  CJ - 1
*5 \ 5 2h
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( IV -4)
# 1  »  V i  '  $ W  (IV-9)
5 I = ( j  -  l ) h  . ( I V - 6 )
With  t h e s e  s u b s t i t u t i o n s  and r e a r r a n g e m e n t  o f  t e r m s ,  e q u a t i o n  ( I V - 2 )  
c a n  be  w r i t t e n  a s
l I t + 1  + d j c 5 I » + i  + u j c j + '  I i t + i = (RHS)J (IV' 7)
where
t =  i — f  1  2  [ -f- . .  J  —  ( I V - 8 )
j  h 8 U  “ 1 J [1 + Y d  -  S O ]  4h®
M N - l
Jj  CJ
[1  +  y ( 1 -  h*
N a .  0* Sj Cj
l  r  j  1 Y P ( s i + 1 "  S i - l )  t .
u .  = a -rrr  "  ---------------------- --- -------- ( I V - 10)
J h3 L J - l  J  [1  + y( 1 -  S j ) ]  4h
( N - l ) a A 0 ^  SM CN
s  ^ =  [ i ~ + ya  r  Sj)3s <iv- i i >
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and L j ,  Dj» U j f and (RHS)j a r e  e v a l u a t e d  a t  i t e r a t i o n  I t .  The s u b ­
s c r i p t s  I t  and I t + 1  w i l l  now be  d r o p p e d  f o r  e a s e  o f  n o t a t i o n .
At t h e  b o u n d a r i e s ,  where  j  = 1 and j  = P +  1» e q u a t i o n  ( I V - 7 )  
r e q u i r e s  v a l u e s  o f  CQ and Cp t 0 . T h e s e  two p o i n t s  do  n o t  e x i s t  and 
a r e  removed f rom  e q u a t i o n  ( I V - 7 )  by  a p p l i c a t i o n  o f  t h e  b o u n d a r y  c o n d i ­
t i o n s .  At j = l »  e q u a t i o n  ( 1 1 1 - 4 2 ) ,  w i t h  i t s  f i n i t e  d i f f e r e n c e  a p p r o x i ­
m a t i o n  y i e l d s
C0 = Ca ( I V - 1 2 )
w h ich  s u b s t i t u t e d  i n t o  ( I V - 7 )  y i e l d s
Di  c i  + u i  Ca =  (BHS)/ ( IV—13)
where
Dj = Dl  ( I V - 14)
u ;  = 2 / h a ( I V - 1 5 )
(RHS)^ = (RHS)l  , ( I V - 16)
At j  = P + 1, e q u a t i o n  ( I I 1—5 1 ) ,  w i t h  I t s  f i n i t e  d i f f e r e n c e  a p p ro x im a ­
t i o n ,  becomes
2h B i 0
= Ll -  1 ^ 1 7  <1 ' V >  > + S  ( lv' 17>
w hich  s u b s t i t u t e d  i n t o  ( I V - 7 )  y i e l d s
I l l
Lpn CP + DP-H cp^ = (RHS)P^ (IV- 18>
where
1 / ^  = 2 / h s  ( I V - 19)
D' = H * A  0v Sgfr CP.t1 _ 2_ _ j 2 / f i i i
[1  + y ( l  -  Sp ^ ) ] P hB
- x j ^  — 5b  (IV_20)
[ l  +  y( 1 -  Sp+1) ] M  [1 + y( 1 -  Sp+1) ] p
( b h s ) '  =  a *  *V t - #  -  j  2  ( l i l )
P+I [1 + y( i  -  V i ) ]  t h V p /
Y S (s p-h. -  Sp) j _______ B i^___________  ( I V - 2 1 )
[ 1  +  Y< 1 -  V i ^ h  '  L l  +  VCI -  S p + i ) ] p
The s e t  o f  e q u a t i o n s  w h ich  r e p r e s e n t  t h e  f i n i t e  d i f f e r e n c e  a p p r o x i ­
m a t i o n  t o  t h e  l i n e a r i z e d  v e r s i o n  o f  t h e  r e a c t a n t  g a s  m a t e r i a l  b a l a n c e  
may be r e p r e s e n t e d  i n  m a t r i x  form by
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0 /  Ui O 0  . . .  0 0 0 Ci (RHSJi'
L f  Da Up 0  * * * 0  0 0 (RHS)s
0 L* Dp Ua . . .  0  0 0
« • • a § • *
c a
•
(RHS) 3  
•
» • « • * • 9 
9 9 9 *  9 9 *








0 0 0 0  . . .  0  Lp+1 <R H S>'p+l
The  m a t r i x  o f  c o e f f i c i e n t s  o f  e q u a t i o n  ( I V - 2 2 )  i s  t r i d i a g o n a l .  The
s o l u t i o n  t o  t h i s  m a t r i x  e q u a t i o n  i s  o b t a i n e d  by  a m o d i f i c a t i o n  o f
G a u s s i a n  e l i m i n a t i o n  p r e s e n t e d  b y  C a r n ah a n  e t  a l . ( 2 ) .  A co m p u te r
s u b r o u t i n e  from t h a t  r e f e r e n c e  was u s e d  f o r  t h e  s o l u t i o n .
At e a c h  t im e  s t e p  e q u a t i o n  ( IV-22)  i s  s o l v e d  r e p e a t e d l y  u n t i l  t h e
r e l a t i v e  d i f f e r e n c e  i n  C. f o r  two s u c c e s s i v e  i t e r a t i o n s  i s  l e s s  t h a n
J
a s e l e c t e d  t o l e r a n c e .  T h i s  c a n  be s t a t e d  m a t h e m a t i c a l l y  a s
Cj  J l t + i  ’  Cj l l t  | _ / ,
■■ £  T o l e r a n c e *  1 s  j  s  P+ l  ( I V - 2 3 )
Cj  1 I t
w here  t h e  t o l e r a n c e  u s e d  was i n  t h e  r a n g e  0 .0 0 0 1  t o  0 . 0 0 0 5 .  The 
i n i t i a l  e s t i m a t e  o f  Cj u s e d  f o r  e a c h  t im e  s t e p  was t h e  f i n a l  v a l u e  o f  
Cj  f o r  t h e  p r e v i o u s  t i m e  s t e p .  The  i n i t i a l  e s t i m a t e  o f  Cj a t  t h e  f i r s t  
t i m e  s t e p  was a r b i t r a r y .  T h i s  i n i t i a l  g a s  c o n c e n t r a t i o n  p r o f i l e  e s t i ­
m a te  was u s u a l l y  d e t e r m i n e d  by
c} = > 2 *  j  ■- p+l ( I V - 2 4 )
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and
q  = . ( I V - 2 5 )
A f t e r  a s o l u t i o n  t o  t h e  r e a c t a n t  g a s  m a t e r i a l  b a l a n c e  h a s  b e e n  
fo und  a t  a  p a r t i c u l a r  t im e  s t e p ,  t h e  s o l i d  r e a c t a n t  m a t e r i a l  b a l a n c e ,  
e q u a t i o n  ( 1 1 1 - 4 4 ) ,  i s  u sed  t o  ad vance  t h e  s o l u t i o n  one t i m e  s t e p .  
E q u a t i o n  ( 1 1 1 - 4 4 )  i s  a f i r s t  o r d e r  o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n  and 
t h e  i n t e g r a t i o n  t e c h n i q u e  u s e d  was Hamming 's  p r e d i c t o r - c o r r e c t o r  
m ethod  w i t h a  f o u r t h - o r d e r  R u n g e - K u t t a  i n i t i a t o r .  T h i s  t e c h n i q u e  i s  
w e l l  docum en ted  i n  C a r n ah a n  e t  a l .  ( 2 ) .  B a s i c a l l y  Hamming’ s  method 
c o n s i s t s  o f  u s i n g  p a s t  v a l u e s  o f  t h e  f u n c t i o n  b e i n g  e v a l u a t e d  t o  p r e d i c t  
a f u t u r e  v a l u e .  The  p r e d i c t e d  v a l u e  i s  f i r s t  m o d i f i e d  and t h e n  c o r ­
r e c t e d  b a s e d  on  an  e s t i m a t e  o f  p a s t  and c u r r e n t  p r e d i c t o r  e r r o r s .
I n  t h e  d e s c r i p t i o n  *jf t h e  a l g o r i t h m  t h a t  f o l l o w s  t h e  symbols  and 
t e r m i n o l o g y  a r e  t h a t  o f  C a r n a h a n  e t  a l .  ( 2 ) and t h e  a c t u a l  c o m p u te r  
p r o g r a m .  S i n c e  t h i s  method was u t i l i z e d  i n  t h e  s o l u t i o n  o f  a l l  t h e  
m o d e l s ,  t h e  sym bols  u s e d  a r e  p u r p o s e l y  n o t  c o n s i s t e n t  w i t h  any o f  t h e  
m o d e l s .  The a l g o r i t h m  c o n s i s t s  o f  t h e  f o l l o w i n g  s t e p s *
( 1 )  U t i l i z e  a n o t h e r  m e th o d ,  i n  t h i s  c a s e  a f o u r t h - o r d e r  Runge-  
K u t t a ,  t o  p r o v i d e  t h e  s t a r t i n g  v a l u e s  y0 ,  Y\ » Ya* Ya» f o» f i*  f a» and 
f * .  The sy m b o ls  y  and  f  r e p r e s e n t ,  r e s p e c t i v e l y ,  t h e  d e p e n d e n t  v a r i a b l e  
and  i t s  d e r i v a t i v e ,  t h e  f u n c t i o n  b e i n g  i n t e g r a t e d .  The  s u b s c r i p t s  
s t a n d  f o r  t h e  number  o f  t h e  t i m e  s t e p ,  i .  F o r  t h e  v o l u m e t r i c  model y
i s  t h e  s o l i d  c o n c e n t r a t i o n  S and f  i s  a s  S M C^. T h i s  s t e p  i s  u s e d  f o r  
i  = 0 ,  1 ,  and 2 .  S t e p s  2 t h r o u g h  6 a r e  r e p e a t e d  f o r  i  = 3 , 4 , . . .  .
( 2 )  The p r e d i c t e d  s o l u t i o n ,  y ^ + i ^ o ,  i s  computed  u s i n g
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(IV-26)
w h e re  h i s  t h e  t i m e  s t e p  A0.
( 3 )  T h e  p r e d i c t e d  v a l u e  i s  m o d i f i e d  by  a s s u m i n g  t h a t  t h e  l o c a l  
t r u n c a t i o n  e r r o r  on  s u c c e s s i v e  i n t e r v a l s  d o e s  n o t  c h a n g e  a p p r e c i a b l y  
t o  y i e l d
^ , 0  =  V m . o  * I S  l y i . k  '  Y^ . o ) ( I V ‘ 2 7 )
w h e r e  i s  t h e  s o l u t i o n  t o  t h e  c o r r e c t o r  e q u a t i o n  ( I V - 2 8 )  and y i (0
i s  t h e  s o l u t i o n  t o  t h e  p r e d i c t o r  e q u a t i o n  f rom  t h e  p r e c e d i n g  t i m e  s t e p .  
F o r  t h e  c a s e  i  =  3 t h i s  s t e p  i s  b y p a s s e d  s i n c e  y g ^ and  y 3>0 a r e  n o t  
d e f i n e d .
( 4 )  H am m ing 's  c o r r e c t o r  e q u a t i o n  i s  s o l v e d .  I n  t h i s  a p p l i c a t i o n ,  
a s  i n  m os t  a p p l i c a t i o n s ,  t h e  c o r r e c t o r  i s  a p p l i e d  o n l y  o n c e .  H ow ever ,  
i t  may be  s o l v e d  i t e r a t i v e l y  u n t i l  some c o n v e r g e n c e  c r i t e r i a  h a s  b e e n  
s a t i s f i e d .  The  c o r r e c t o r  e q u a t i o n  i s
V i r t . k  { «  Vi -  V i - .  + 3h Cf i «  + 2 f i  -  } • <IV- 2 8 >
( b )  An e s t i m a t e  o f  t h e  t r u n c a t i o n  e r r o r ,  e ^ ,  f o r  t h e  c o r r e c t o r  
e q u a t i o n  i s  now a v a i l a b l e  f rom  s t e p s  2 and 4 .  The  e r r o r  e s t i m a t e  i s
e t  * 1 2 1  ‘  V i - n . o '  • ( IV -29)
( 6 )  T h e  f i n a l  v a l u e  f o r  t h e  s o l u t i o n ,  y ^ + 1 , i s  t h e n  com puted  from
y i + l  ”  y i - r t , k  "  >k ~ y i+» »o^
115
( I V ' 30)
Hamming 's  method was u s ed  t o  i n t e g r a t e  t h e  s o l i d  m a t e r i a l  b a l a n c e  
a c r o s s  t h e  r a d i a l  c o o r d i n a t e ,  a t  e a c h  d i s c r e t e  v a l u e  o f  5 .  Once t h i s  
was  d o n e ,  i t  was p o s s i b l e  t o  u se  t h e  new v a l u e s  o f  s o l i d  c o n c e n t r a t i o n ,  
S ,  t o  c a l c u l a t e  t h e  l o c a l  e x t e n t  o f  r e a c t i o n  from
E q u a t i o n  ( I V - 33) was s o l v e d  n u m e r i c a l l y  b y  S i m p s o n ' s  r u l e .  T h i s  
p r o c e d u r e  i s  d e s c r i b e d  by  C a r n a h a n  e t  a l ,  ( 2 ) .
At t h i s  p o i n t  t h e  s p a t i a l  p r o f i l e  o f  C i s  known a t  t h e  p r e v i o u s  
t i m e  s t e p ,  s p a t i a l  p r o f i l e s  o f  S and x a r e  known a t  t h e  c u r r e n t  t i m e  
s t e p ,  and  x h a s  b e e n  c a l c u l a t e d  a t  t h e  c u r r e n t  t i m e  s t e p .  I f  t h e  
s o l u t i o n  i s  t o  be  c o n t i n u e d ,  t h e  o u t l i n e d  p r o c e d u r e  m us t  be r e p e a t e d .
( I V - 3 1 )
and  t h e  o v e r a l l  e x t e n t  o f  r e a c t i o n  b y
( I V - 32)
w here  V i s  t h e  volume o f  t h e  s p h e r i c a l  p a r t i c l e .  E q u a t i o n  ( I V - 32)




H u m er ica l  s o l u t i o n  o f  t h e  g r a i n  m o d e l . The  e q u a t i o n s  and t h e  
b o u n d a r y  c o n d i t i o n s  w h ich  d e s c r i b e  t h e  g r a i n  model w e re  d e r i v e d  i n  
C h a p t e r  I I I .  T h e y  a r e  r e p e a t e d  h e r e  f o r  e a s y  r e f e r e n c e .  The r e a c t a n t  
g a s  m a t e r i a l  b a l a n c e  i s
££  = .  2 dC .  3 aA 0G r s  g'» C . j n . 6 3 )
d5* 5 d? r ' [ l  - aA*d ?'(l - 5')]
w i t h  t h e  b o u n d a r y  c o n d i t i o n s
dC = B i d  -  C) ( 1 1 1 - 6 4 )
?=i
and
= 0 ( 1 1 1 - 6 5 )
§=°
The  s o l i d  r e a c t a n t  m a t e r i a l  b a l a n c e  i s
d L l  -
d 0 -  “ [1  -  a A 0l  ? '  (1 -  5 ' ) ]
( I I 1 -66)
w i t h  t h e  i n i t i a l  c o n d i t i o n




The  q u a s i l i n e a r i z a t i o n  t e c h n i q u e  t h a t  was a p p l i e d  i n  t h e  v o l u m e t r i c  
model was n o t  a p p l i e d  t o  t h e  g r a i n  model s i n c e  t h e  e q u a t i o n s  which  
d e s c r i b e  t h e  g r a i n  model  a r e  l i n e a r  ( f i r s t  o r d e r  k i n e t i c s ) .  The f i n i t e  
d i f f e r e n c e  a p p r o x i m a t i o n s ,  e q u a t i o n s  ( I V - 3 ) ,  ( I V - 4 ) ,  and  ( I V - 6 ) ,  may 
be  s u b s t i t u t e d  d i r e c t l y  i n t o  e q u a t i o n  ( 1 1 1 - 6 3 )  t o  y i e l d
removed f rom  e q u a t i o n  ( I V - 34) b y  a p p l i c a t i o n  o f  t h e  b o u n d a r y  c o n d i t i o n s .  
At j = l ,  e q u a t i o n  ( H I - 6 b ) ,  w i t h  i t s  f i n i t e  d i f f e r e n c e  a p p r o x i m a t i o n  
y i e l d s
Lj  Cj - i  + Dj  Cj  + Uj  "  <RHS) j ( I V - 34)
w here
( I V -  35)
Dj =
3 a A *G r s 2 ( I V - 36)
r s " a A 0G h
a
( I V - 37)
(RHS) j  = 0 ( IV—38)
At t h e  b o u n d a r i e s ,  w here  j = l  and  j  = P + l ,  e q u a t i o n  ( I V - 34)
r e q u i r e s  v a l u e s  f o r  CQ and T h e s e  two p o i n t s  do n o t  e x i s t  and a r e
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(I V -39)
w h ic h  s u b s t i t u t e d  i n t o  ( I V - 34) g i v e s
Di  + u i  Ca = (RHS)/  ( I V - 4 0 )
w here
Di = Dx ( I V - 4 1 )
u '  = -%- <IV" 4 2 >
h
(RHS)j = (RHSjj  = 0 . (1V-43)
At j  = P + 1 ,  e q u a t i o n  ( 1 1 1 - 6 4 )  w i t h  i t s  f i n i t e  d i f f e r e n c e  a p p r o x i ­
m a t i o n  y i e l d s
c p «  =  2 h  B i ( 1  •  CP « } +  CP ( I V ‘ 4 4 )
w hich  s u b s t i t u t e d  i n t o  ( I V - 34) g i v e s
Lp+1 Cp +  D ' +1 Cp n  = (RHSjp^i ( IV -45)
w here




( R H S ) ^  = -  2h Bi  Up+1 ( I V - 4 8 )
E q u a t i o n s  { I V - 34) t h r o u g h  ( I V - 4 8 )  may be  w r i t t e n  a s  t h e  m a t r i x  e q u a t i o n  
( I V - 2 2 )  and l i k e w i s e  b e  s o l v e d  b y  a m o d i f i e d  G a u s s i a n  e l i m i n a t i o n .  
However ,  f o r  t h e  g r a i n  m o d e l ,  an  i t e r a t i v e  s o l u t i o n  t o  e q u a t i o n  ( IV-22)  
i s  n o t  n e c e s s a r y  s i n c e  t h e  d e p e n d e n t  v a r i a b l e ,  C, d o es  n o t  a p p e a r  i n
A f t e r  s o l u t i o n  t o  t h e  g a s  m a t e r i a l  b a l a n c e ,  t im e  may be ad v an ced  
b y  s o l v i n g  t h e  s o l i d  phase  b a l a n c e ,  e q u a t i o n  ( 1 1 1 - 6 6 ) .  E q u a t i o n  (1 1 1 - 6 6 )  
i s  t h e  same form a s  t h e  s o l i d  b a l a n c e  i n  t h e  v o l u m e t r i c  model and was 
a l s o  i n t e g r a t e d  b y  Hamming’ s p r e d i c t o r - c o r r e c t o r  m e th o d .  The o n l y  
d i f f e r e n c e  i n  t h e  two s o l u t i o n s  i s  t h a t  i n  the  g r a i n  model y becomes
T h e  o v e r a l l  e x t e n t  o f  r e a c t i o n ,  x ,  i s  c a l c u l a t e d  by  n u m e r i c a l l y  i n t e ­
g r a t i n g  e q u a t i o n  ( I V - 3 3 )  a s  i n  t h e  v o l u m e t r i c  m o d e l .
The  g r a i n  model h a s  now b e e n  b r o u g h t  f o r w a r d  b y  one t im e  s t e p .  
To c o n t i n u e  t h e  s o l u t i o n  t h e  o u t l i n e d  p r o c e d u r e  must be r e p e a t e d .
t h e  c o e f f i c i e n t  m a t r i x  o f  L . ,  D . ,  and U. a s  i n  t h e  v o l u m e t r i c  model
J J 3
/
and f  i s  a^ C / [ l  -  a^ 0 G  5* ^  “ 5 * ) ]  w h e r e a s  t h e  v o l u m e t r i c  model 
had  t h e  p r e v i o u s l y  d e f i n e d  v a l u e s  o f  y  and f .
The  l o c a l  e x t e n t  o f  r e a c t i o n  f o r  t h e  g r a i n  model i s
( I V - 4 9 )
120
Combined R e a c t a n t  Gas  Sys tem
F o r  t h e  combined  g a s  s y s t e m  a l l  t h r e e  m o d e l s  r e q u i r e  n u m e r i c a l  
s o l u t i o n .  The  v o l u m e t r i c  and g r a i n  m o d e ls  have  two r e a c t a n t  ga s  
m a t e r i a l  b a l a n c e s  and a s o l i d  m a t e r i a l  b a l a n c e  t o  be s o l v e d .  The two 
g a s  b a l a n c e s  a r e  i n d e p e n d e n t  o f  e a c h  o t h e r  a t  a g i v e n  t im e  s t e p  s i n c e  
t h e y  a r e  o n l y  c o u p l e d  t h r o u g h  t h e  s o l i d ' s  d e p e n d e n t  v a r i a b l e *  e i t h e r  
S o r  5 ' .  At a g i v e n  t i m e  s t e p  S and  a r e  c o n s i d e r e d  c o n s t a n t s .
The u n r e a c t e d  c o r e  m o d e l ,  w i t h  i t s  u n c o u p le d  e q u a t i o n s ,  h a s  an 
a n a l y t i c a l  s o l u t i o n  f o r  t h e  ga s  m a t e r i a l  b a l a n c e s .  The s o l i d  m a t e r i a l  
b a l a n c e  i s  t h e  o n l y  e q u a t i o n  w h ich  r e q u i r e s  n u m e r i c a l  s o l u t i o n  i n  t h e  
u n r e a c t e d  c o r e  m o d e l .
S i n c e  t h e  e q u a t i o n s  f o r  t h e  combined  g a s  m o d e ls  and t h e  m e thods  
by w h ich  t h e y  a r e  s o l v e d  a r e  s i m i l a r  t o  t h e  s i n g l e  r e a c t a n t  ga s  m o d e l s ,  
t h e  e q u a t i o n s  a r e  n o t  r e p e a t e d  h e r e .  The e q u a t i o n s  were  l i s t e d  i n  
C h a p t e r  I I I .  The p r o c e d u r e  u s ed  t o  s o l v e  t h e  combined ga s  m o d e l s  i s  
t h e  same a s  u s e d  i n  t h e  s i n g l e  g a s  m ode ls  w i t h  t h e  e x c e p t i o n  t h a t  t h e  
g a s  b a l a n c e  i s  s o l v e d  t w i c e ,  o nce  f o r  e ac h  g a s ,  b e f o r e  t h e  s o l i d  
b a l a n c e  I s  i n t e g r a t e d .  I n  t h e  u n r e a c t e d  c o r e  model t h e  a n a l y t i c a l  
s o l u t i o n s  t o  t h e  g a s  b a l a n c e s  r e p l a c e  t h e  n u m e r i c a l  p r o c e d u r e  and t h e  
s o l i d  b a l a n c e  i s  i n t e g r a t e d  by  t h e  same method u s e d  i n  t h e  v o l u m e t r i c  
and g r a i n  m o d e l s .
Com cuter  P ro g ra m s
A b l o c k  d i a g r a m  showing  t h e  g e n e r a l  p r o c e d u r e  u s e d  t o  s o l v e  a l l  
t h e  m o d e l s  i s  shown i n  F i g u r e  I V - 1 .  O n ly  t h r e e  p ro g r a m s  were  w r i t t e n ,  
one  f o r  t h e  v o l u m e t r i c ,  one f o r  t h e  g r a i n ,  and one f o r  t h e  u n r e a c t o d  
c o r e  m o d e l s .  The  v o l u m e t r i c  and g r a i n  model co m p u te r  p ro g ram s  have
Read p h y s i c a l  




R e a c t i o n  
w o v e r  j
f  A l l ^
g a s e s
s o l v e d
C a l l  SIMPS t o  compute  
c o n v e r s i o n
C a l l  SLDBL1 o r  SLDBL2 
t o  a d v an c e  one  t i m e  s t e p
C a l c u l a t e  d i m e n s i o n l e s s  
p a r a m e t e r s  and e s t a b l i s h  
i n i t i a l  c o n d i t i o n s
C a l l  GASBLN t o  compute  
g a s  c o n c e n t r a t i o n  p r o f i l e  
( V o l u m e t r i c  model i t e r a t e s  
a t  t h i s  s t e p . )
.FIGURE I V - 1
SIMPLIFIED BLOCK DIAGRAM FOR COMPUTER PROGRAMS
p r o v i s i o n s  f o r  one  o r  two r e a c t a n t  g a s  s p e c i e s  w h i l e  t h e  u n r e a c t e d  
c o r e  model p rog ram  was w r i t t e n  s p e c i f i c a l l y  f o r  two r e a c t a n t  g a s e s .
A c o p y  o f  t h e  p r o g r a m s  i s  found  i n  A ppendix  C,
The  m e th o d s  u s e d  t o  s o l v e  t h e  e q u a t i o n s  a r e  g e n e r a l l y  c o n s i d e r e d  
t o  be  r e l i a b l e  and s t a b l e .  No p r o b le m s  were  e n c o u n t e r e d  d u r i n g  t h e  
u s e  o f  t h e s e  p r o g r a m s .
The  a c c u r a c y  o f  t h e  f i n i t e  d i f f e r e n c e  a p p r o x i m a t i o n  i s  i n c r e a s e d  
a s  t h e  mesh s p a c i n g ,  h ,  and t i m e  s t e p  A0, a r e  d e c r e a s e d .  However,  
a s  t h e  i n c r e a s e d  a c c u r a c y  i s  a t t a i n e d  a t  t h e  e x p e n s e  o f  i n c r e a s e d  
c o m p u te r  t i m e ,  i t  i s  n e c e s s a r y  t o  d e t e r m i n e  t h e  p r o p e r  compromise  
b e t w e e n  a c c u r a c y  and  mesh s i z e .  T a b l e  IV-1 p r e s e n t s  r e s u l t s  o f  a 
p a r a m e t r i c  s t u d y  o f  t h e  d i m e n s i o n l e s s  t im e  r e q u i r e d  t o  a c h i e v e  s p e c i ­
f i e d  f r a c t i o n a l  c o n v e r s i o n  a t  d i f f e r e n t  v a l u e s  o f  h and A0. F o r  a l l  
s u b s e q u e n t  c a l c u l a t i o n s  50 i n t e r v a l s  f o r  t h e  mesh s p a c i n g  and a d im en­
s i o n l e s s  t i m e  s t e p  o f  l e s s  t h a n  0 . 0 4  f o r  t h e  v o l u m e t r i c  model and
0 . 0 1  f o r  t h e  g r a i n  model w e re  u s e d .  The  t i m e  s t e p  s i z e  was d o u b le d  
a f t e r  5(W f r a c t i o n a l  s o l i d  c o n v e r s i o n  f o r  a l l  c a l c u l a t i o n s .
The  c o m p u te r  p ro g ram  f o r  t h e  v o l u m e t r i c  model  was v a l i d a t e d  by 
c o m p a r in g  t h e  o u t p u t  o f  t h e  p rog ram  t o  t h e  r e s u l t s  o f  t h r e e  c a s e s  
p r e s e n t e d  b y  Wen ( 3 ) .  A s m a l l  change  had  t o  be made i n  t h e  c o m p u te r  
p ro g ram  t o  make a d i r e c t  c o m p a r i s o n  b e tw e e n  t h e  two s o l u t i o n s .  Wen 
h a d  assumed no e x t e r n a l  m ass  t r a n s f e r  r e s i s t a n c e  and t h i s  f o r c e d  a 
ch an g e  i n  t h e  b o u n d a r y  c o n d i t i o n  o f  t h e  c o m p u te r  p rog ram  t o
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TABLE IV -1
COMPARISON OF DIFFERENT MESH SPACINGS AND 
DIMENSIONLESS TIME STEPS IN THE SOLUTION 
OF THE VOLUMETRIC AND GRAIN MODELS
D i m e n s i o n l e s s Number o f D i m e n s i o n l e s s  Time
I n i t i a l  Time I n t e r v a l s  i n  § t o  R each  C o n v e r s i o n  ...
S t e p * P 0 . 2  0 . 5  0 . 8
V o l u m e t r i c  Model
0 . 0 4 0 10 2 . 0 7 . 2 1 9 . 7
0 ,0 4 0 20 2 . 0 7 . 4 1 9 .8
0 . 0 4 0 30 2 . 0 7 . 4 1 9 . 8
0 . 0 4 0 40 2 . 0 7 . 4 1 9 . 8
0 . 0 4 0 50 2 . 0 7 . 4 1 9 . 8
0 . 0 4 0 60 2 . 1 7 . 4 1 9 . 8
0 . 0 4 0 80 2 . 1 7 . 4 1 9 . 8
0 . 0 1 0 50 2 . 0 7 .4 1 9 . 8
0 .0 2 0 50 2 . 0 7 .4 1 9 . 8
0 . 0 5 0 50 2 . 0 7 . 4 1 9 . 8
0 .0 7 5 50 2 . 1 7 . 4 1 9 .9
0 . 1 0 0 50 2 .1 7 . 4 1 9 . 8
G r a i n  Model
0 .0 1 0 0 10 0 . 7 2 . 3 6 . 7
0 .0 1 0 0 20 0 . 7 2 . 5 6 . 8
0 .0 1 0 0 30 0 . 7 2 . 5 6 . 8
0 .0 1 0 0 4 0 0 . 7 2 . 5 6 . 9
0 .0 1 0 0 50 0 . 7 2 . 5 6 . 9
0 .0 0 1 0 50 0 . 7 2 . 5 6 . 8
0 .0 0 2 5 50 0 . 7 2 . 5 6 . 8
0 . 0 0 5 0 50 0 . 7 2 . 5 6 . 8
0 .0 2 5 0 50 0 . 7 2 . 5 6 . 8
♦Note  t h a t  d i m e n s i o n l e s s  t i m e s  f o r  t h e  v o l u m e t r i c  and g r a i n  
m o d e l s  a r e  d e f i n e d  d i f f e r e n t l y  and h e n c e  c o r r e s p o n d  t o  d i f f e r e n t  
r e a l  t i m e s .
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C o m p a r i s o n s  w e re  made b e tw e e n  t h e  p r e d i c t e d  p r o f i l e s  o f  s o l i d  c o n c e n ­
t r a t i o n ,  S ,  g a s  c o n c e n t r a t i o n ,  C, and  t h e  t i m e - c o n v e r s i o n  p r o f i l e .
No d i f f e r e n c e  was found  b e t w e e n  t h e  two s o l u t i o n s .  With  t h e  o r i g i n a l  
b o u n d a r y  c o n d i t i o n ,  e q u a t i o n  ( 1 1 1 - 5 1 ) ,  i n  t h e  c o m p u te r  p r o g r a m ,  t h e  
p r o g r a m ' s  s o l u t i o n  a p p r o a c h e d  W en 's  s o l u t i o n  a s  t h e  e x t e r n a l  mass  
t r a n s f e r  r e s i s t a n c e  was d e c r e a s e d .  E x t e r n a l  m ass  t r a n s f e r  r e s i s t a n c e  
was  d e c r e a s e d  by  p r o g r e s s i v e l y  i n c r e a s i n g  t h e  v a l u e  o f  B i Q . The c a s e s  
compared  were  k i n e t i c  c o n t r o l ,  i n t e r n a l  d i f f u s i o n  c o n t r o l  and an  
i n t e r m e d i a t e  c a s e .
The  c o m p u te r  p rog ram  f o r  t h e  g r a i n  model was v a l i d a t e d  by  com­
p a r i n g  i t s  s o l u t i o n  t o  t h e  s o l u t i o n  o f  t h e  v o l u m e t r i c  model  u s i n g  
e q u i v a l e n t  r a t e  c o n s t a n t s  a s  p r e d i c t e d  by  e q u a t i o n  i n  C h a p t e r  I I I .
C a s e s  f o r  combined  g a s e s  were v a l i d a t e d  f o r  a l l  t h r e e  m ode ls  
by  co m p ar in g  t h e  s o l u t i o n  o f  a s i n g l e  g a s  w i t h  d o u b l e  t h e  b u l k  g a s  
c o n c e n t r a t i o n  t o  a g a s  combined  w i t h  i t s e l f .  I n  o t h e r  words  i n  t h e  
combined  g a s  c a s e s  t h e  g a s  c o n c e n t r a t i o n  o f  e a c h  g a s  had  a c o n c e n t r a ­
t i o n  h a l f  t h a t  o f  t h e  s i n g l e  c a s e  and a l l  o t h e r  p a r a m e t e r s  were  
i d e n t i c a l .  I n  a l l  o f  t h e  c a s e s  t h e  p ro g ram s  w e re  v e r i f i e d .
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CHAPTER V
EXPERIMENTAL APPARATUS AND PROCEDURE
I n  t h i s  c h a p t e r  t h e  e x p e r i m e n t a l  e q u ip m e n t ,  m a t e r i a l s ,  and p r o c e ­
d u r e  u se d  t o  o b t a i n  k i n e t i c  d a t a  f o r  t h e  r e a c t i o n s
Has ( g ) + ZnO(s)  -  Ha0 ( g ) + ZnS^s j (1 -6)
C O S ( g )  +  Z r O ( s ) -  C O a ( g )  +  ^ ( 3 ) ( I * 7 ^
H ,S (g )  +  COS(g) + 2ZrO{ s)  -  HaO(g )  + C0s ( g )  + 2ZnS( s ) ( 1 - 8 )
a r e  d e s c r i b e d .  F i r s t ,  t h e  th e rm o d y n a m ic s  o f  t h e  r e a c t i o n  sy s te m  a r e  
exam ined  t o  d e t e r m in e  t h e  e q u i l i b r i u m  r e a c t i o n  e n v i r o n m e n t .  T h i s  i s  
f o l lo w e d  b y  a d e t a i l e d  d e s c r i p t i o n  o f  t h e  a p p a r a t u s  u s e d  t o  m o n i to r  t h e  
r e a c t i o n  and t h e n  t h e  p r o p e r t i e s  o f  t h e  g a s  and  s o l i d  r e a c t a n t s  a r e  
g i v e n .  Next t h e  p r o c e d u r e  u se d  t o  o b t a i n  t h e  k i n e t i c  d a t a  i s  d i s c u s s e d .  
T he c h a p t e r  c o n c lu d e s  w i th  a b r i e f  d e s c r i p t i o n  o f  s e v e r a l  a u x i l i a r y  
e x p e r im e n t s  w hich  w ere  p e r fo rm e d  t o  p r o v id e  s u p p le m e n ta l  i n f o r m a t i o n .
T herm odynam ics  o f  t h e  R e a c t i o n  System
The e q u i l i b r i u m  c o m p o s i t io n  o f  v a r i o u s  g a s  a tm o s p h e re s  ( r e a c t a n t s  
and i n e r t s )  was i n v e s t i g a t e d  u s i n g  t h e  f r e e  e n e r g y  m i n i m i z a t i o n  p r i n c i p l e .  
T h e o r e t i c a l  b a c k g ro u n d  a s  w e l l  a s  t h e  c o m p u ta t io n a l  p r o c e d u r e  u s e d  have  
b e e n  d e s c r i b e d  by  W estm o re lan d  ( l ) .  The p r im a r y  p u rp o s e  o f  t h i s  work was 
t o  d e t e r m in e  c o n d i t i o n s  u n d e r  w hich hom ogeneous r e a c t a n t  g a s  d e c o m p o s i t i o n
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m ig h t  o c c u r .  T h i s  i n f o r m a t i o n  was t h e n  u s e d  i n  p l a n n i n g  fe e d  g a s  com­
p o s i t i o n s  and a l l o w a b l e  t e m p e r a t u r e  r a n g e s  f o r  t h e  e x p e r i m e n t a l  p h a s e s  
o f  t h e  s t u d y .
I n  a l l  f r e e  e n e r g y  m i n i m i z a t i o n  s i m u l a t i o n s  n i t r o g e n  was c o n s i d e r e d  t o  
be  i n e r t .  The p r e s s u r e  was f i x e d  a t  one a tm o sp h e re  w h i le  t e m p e r a t u r e  
was v a r i e d  f o r  300°C t o  8bO°C. A ll  e x p e r i m e n t a l  s t u d i e s  were  c o n d u c te d  
w i t h i n  t h i s  t e m p e r a t u r e  r a n g e .
P o s s i b l e  e q u i l i b r i u m  s p e c i e s  c o n s i d e r e d  i n  t h e  d e c o m p o s i t i o n  o f  Ha S 
w ere  HgS, Ha , H, HS, and  Sx -  S , g a s e s  t o g e t h e r  w i th  l i q u i d  s u l f u r .
R e s u l t s ,  a s  i l l u s t r a t e d  i n  F i g u r e  V - l ,  showed d e c o m p o s i t io n  o f  Ha S 
b e g i n n i n g  a t  550°C and i n c r e a s i n g  t o  10% a t  8bO°C, t h e  maximum t e m p e r a ­
t u r e  i n v e s t i g a t e d .  S in c e  t h e  m a jo r  d e c o m p o s i t io n  p r o d u c t s  were Ha and 
Sa , t h e  r e a c t i o n  c a n  be r e p r e s e n t e d  b y :
Ha S *  Ha + |  Sa . ( V - l )
D e c o m p o s i t io n  o f  Ha S b y  ( V—1) h a s  b e e n  o b s e r v e d  by  p r e v i o u s  w o rk e r s  ( 2 ) ,
The e f f e c t  o f  h y d ro g e n  a d d i t i o n  on  e q u i l i b r i u m  Ha S d e c o m p o s i t io n  
was a l s o  i n v e s t i g a t e d  a s  shown i n  F ig u r e  V - l .  At 850°C a t  a Ha^ ! a S r a t i o  
o f  5 / l  l e s s  t h a n  0.03%  d e c o m p o s i t io n  i s  p r e d i c t e d .  S u b s e q u e n t l y ,  m ost 
e x p e r i m e n t a l  r u n s  u t i l i z e d  a Ha /H a S r a t i o  g r e a t e r  t h a n  4 .  Low t e m p e r a ­
t u r e  e x p e r i m e n t a l  r u n s  w i th  and w i t h o u t  h y d ro g e n  showed no m e a s u ra b le  
a l t e r a t i o n  o f  t h e  ZnO-Ha S k i n e t i c s .
P o s s i b l e  s p e c i e s  c o n s id e r e d  i n  t h e  d e c o m p o s i t io n  o f  COS w ere  COS,
0 0 ,  00a , C ^ g j1 CSa , CS, SO, SOa , S jO , SO3 , O, 0 a , and g a s e s
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F i g u r e  V - l .  E q u i l i b r i u m  C o n c e n t r a t i o n  o f  Ha S a s  a F u n c t io n  
o f  T e m p e r a tu r e .
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I n  F ig u r e  V -2 ,  showed 00S e q u i l i b r i u m  d e c o m p o s i t i o n  g r e a t e r  t h a n  9 2 $  
a t  300°C, r e a c h i n g  a  minimum o f  52 $  a t  500°C , and  t h e n  i n c r e a s i n g  t o  
73$ d e c o m p o s i t i o n  a t  850°C , P r i n c i p l e  e q u i l i b r i u m  p r o d u c t s  i n  t h e  
lo w e r  t e m p e r a t u r e  r a n g e  ( l e s s  t h a n  450°C) w ere  C ( s ) t S ( l ) , 00a , and
CSg. I n  t h e  m id d le  and u p p e r  t e m p e r a t u r e  r a n g e  p r i n c i p l e  e q u i l i b r i u m
p r o d u c t s  w ere  00a t  CSa , 0 0 ,  and 8 3 . From t h e s e  r e s u l t s  i t  was d ed u ced
t h a t  t h e  m a in  g a s  p h a s e  d e c o m p o s i t i o n  r e a c t i o n s  were*
2COS i* 00a + CSs (V -2 )
and
oos it CO + ~  s a (V-3)
T h e s e  r e a c t i o n s  a g r e e  w i th  r e p o r t s  by  B r a k e r  and Mossman ( 3 ) who p o i n t  
o u t  t h a t  r e a c t i o n  (V -2) i s  s lo w  and r e a c h e s  a maximum r a t e  a t  600°C . 
R e a c t i o n  (V -3 )  i s  r e p o r t e d  t o  b e  r a p i d  and r e a c h e s  a maximum r a t e  a t  
900°C .
T he im p o r ta n c e  o f  00 and 008 a d d i t i o n s  on  OOS e q u i l i b r i u m  decom­
p o s i t i o n  w ere  i n v e s t i g a t e d .  At a C0/C0a /C 0S  m ole r a t i o  o f  b / 5 / l ,  a s  
i l l u s t r a t e d  i n  F i g u r e  V -2 , t h e  e q u i l i b r i u m  d e c o m p o s i t i o n  was l e s s  t h a n  
10$ from  320°C t o  710°C . Above 710°C d e c o m p o s i t io n  i n c r e a s e d  r a p i d l y  
t o  28$ a t  850°C , t h e  maximum t e m p e r a t u r e  i n v e s t i g a t e d .  D e s p i t e  t h e  
p r e d i c t e d  d e c o m p o s i t io n  o f  OOS i n  t h e  e x p e r i m e n t a l  g a s  s t r e a m  and 
e x p e r i m e n t a l  e v id e n c e  t h a t  a t  l e a s t  some d e c o m p o s i t i o n  was o c c u r r i n g ,  
a l l  c a l c u l a t i o n s  w ere  b a s e d  on  z e r o  d e c o m p o s i t io n  o f  COS, T h i s  was a 







F ig u r e  V -2 .  E q u i l i b r i u m  C o n c e n t r a t i o n  o f  COS as  a F u n c t io n  o f  
T e m p e r a t u r e .
©  COS -» D e c o m p o s i t io n  P r o d u c t s
COS + 5 CO + 5 COa






t h e  e x a c t  COS c o n c e n t r a t i o n  o t h e r  t h a n  m o n i t o r i n g  t h e  i n p u t  t o  t h e  
r e a c t o r .  The e x p e r i m e n t a l  e v id e n c e  o f  d e c o m p o s i t i o n  c o n s i s t e d  o f  s m a l l  
d e p o s i t s  o f  " co k e "  found  i n  t h e  r e a c t o r  a f t e r  low  t e m p e r a t u r e  r u n s  and
s m a l l  am oun ts  o f  s u l f u r  p l a t i n g  o u t  do w n stream  o f  t h e  r e a c t o r  f o r  h ig h
t e m p e r a t u r e  r u n s .
I t  i s  n o t  b e l i e v e d  t h a t  t h e  d e c o m p o s i t i o n  o f  COS was a m a jo r  p ro b le m
i n  t h e  e x p e r i m e n t a l  g a s  s t r e a m .  I n  t h e  m a j o r i t y  o f  t h e  r u n s  t h e
t e m p e r a t u r e  was lo w e r  t h a n  710°C , w here  e q u i l i b r i u m  d e c o m p o s i t io n  was 
low . A lso  t h e  d e p o s i t s  o f  " c o k e "  and s u l f u r  found  a f t e r  t h e s e  r u n s  w ere  
s m a l l ,  i n d i c a t i n g  t h a t  t h e r e  was s i g n i f i c a n t  k i n e t i c  r e s i s t a n c e  t o  t h e  
d e c o m p o s i t i o n  r e a c t i o n s  and t h a t  e q u i l i b r i u m  p r o b a b l y  was n o t  o b t a i n e d .
F o r  t h e  com bined g a s  s y s te m  o f  HaS and COS, t h e  s p e c i e s  co n ­
s i d e r e d  a s  p o s s i b l e  d e c o m p o s i t i o n  p r o d u c t s  i n c lu d e d  a l l  s p e c i e s  l i s t e d  i n  
t h e  s i n g l e  r e a c t a n t  g a s  d e c o m p o s i t i o n s  p l u s  Ha 0 ,  CH*, CaHe, CHO, Ca H4 , 
and  OH. The f r e e - e n e r g y  c a l c u l a t i o n s  showed t h a t  t h e  two e x p e r im e n t a l  
s i n g l e  r e a c t a n t  g a s  e x p e r i m e n t a l  s y s te m s  c o u ld  n o t  be  s im p ly  com bined .
The Ha p r e s e n t  i n  t h e  sy s tem  w o u ld ,  a t  e q u i l i b r i u m ,  r e d u c e  t h e  OOS 
a c c o r d i n g  t o  t h e  r e a c t i o n
OOS +  Hs  £  Ha S + 00 . (V -4)
R e a c t i o n  (V -4 )  was r e p o r t e d  b y  B r a k e r  and Mossman ( 3 ) .  E q u i l i b r i u m  
c a l c u l a t i o n s  i n d i c a t e  Ha S may a l s o  r e a c t  w i th  C0a a s  fo l lo w s *
2Ha S + 00a 2Ha0  + CSa . (V -b )
R e a c t io n  (V -b ) was not v e r i f i e d  e i t h e r  e x p e r im e n t a l ly  o r  in  th e  l i t e r a r
t u r e .
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As a  com prom ise  t h e  e x p e r i m e n t a l  g a s  sy s tem  f o r  t h e  com bined Ha S 
an d  CDS e x p e r im e n t s *  w hich  was b a s e d  on  t h e  e q u i l i b r i u m  c a l c u l a t i o n s ,  
i n c l u d e d  0 0 ,  00a , OOS, and HgS i n  a m ole  r a t i o  o f  5 / 5 / l / l .  The  e f f e c t  
o f  r e a c t i o n s  ( V - l )  and  (V -5) was t o  c o n t i n u o u s l y  r e d u c e  t h e  b u lk  g a s  
c o n c e n t r a t i o n  o f  HgS i n  t h e  com bined g a s  s y s te m .  M ost e x p e r i m e n t a l  
r u n s  u s in g  com bined r e a c t a n t  g a s e s  w ere  c a r r i e d  o u t  b e lo w  786°C .
T h e  OOS d id  n o t  e x p e r i e n c e  a s i g n i f i c a n t  d r o p  i n  e q u i l i b r i u m  c o n c e n ­
t r a t i o n  u n t i l  t h e  t e m p e r a t u r e  r e a c h e d  800°C . As i n  t h e  OOS g a s  s y s te m ,  
a l l  e x p e r i m e n t a l  a n a l y s i s  was b a s e d  on t h e  amount o f  e a c h  g a s  f e d  t o  
t h e  r e a c t o r .
The e q u i l i b r i u m  c o n c e n t r a t i o n  o f  t h e  r e a c t i n g  g a s e s ,  a s  a  m ole 
f r a c t i o n  o f  t h e  amount o f  t h e  g a s  f e d  t o  t h e  r e a c t o r ,  f o r  a l l  t h r e e  
e x p e r i m e n t a l  g a s  s y s te m s  may b e  s e e n  i n  T a b le  V - l .  E q u i l i b r i u m  co n ­
s t a n t s  f o r  t h e  r e a c t i o n s  p r e s e n t e d  i n  t h i s  c h a p t e r  may be  found  i n  
A ppend ix  D.
The a d d i t i o n  o f  Ha , CO, and Q0a t o  t h e  e x p e r i m e n t a l  g a s  s t r e a m  h a s  
an  a d d i t i o n a l  b e n e f i t  b e s i d e s  s u p p r e s s i n g  d e c o m p o s i t i o n .  A l l  t h r e e  
g a s e s  a r e  found  i n  g a s i f i e d  c o a l ,  t h e  p r o c e s s  f o r  w hich  ZnO i s  b e in g  
e v a l u a t e d  a s  a s u l f u r  a c c e p t o r .  I t  i s  b e n e f i c i a l  t o  v e r i f y  e x p e r i ­
m e n t a l l y  t h a t  t h e s e  g a s e s  do  n o t  r e t a r d  t h e  r e a c t i o n  o f  ZnO t o  ZnS.
A p p a ra tu s
T he c o n v e r s i o n  o f  ZnO t o  ZnS p ro d u c e s  an  i n c r e a s e  i n  w e ig h t  w hich  
i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  o v e r a l l  f r a c t i o n a l  c o n v e r s i o n  o f  t h e  
s o l i d  r e a c t a n t .  T h u s  a c o n v e n i e n t  m ethod f o r  f o l l o w i n g  t h e  p r o g r e s s  
o f  t h e  r e a c t i o n s  i s  t o  c o n t i n u o u s l y  m easu re  and r e c o r d  t h e  w e ig h t  o f  
t h e  s o l i d  d u r i n g  r e a c t i o n .
TABLE V-I
CALCULATED EQUILIBRIUM CONCENTRATIONS OF REACTANT GASES AS A FRACTION 
OF INLET REACTANT GAS CONCENTRATION FOR THE THREE 
EXPERIMENTAL GAS SYSTEMS
T em pera ture
°C
S in a le  R e a c ta n t  Gas Systems Combined R e a c ta n t  Gas Systems
[H*S]/[Hs S ] in p u t# [00 S ]/[COS] i  nput## C H a S ] / [ H a S ] i n p u t^ [0 0 S ] /[0 D S ] in p u tIHH,‘
300 1.0000 0 .8108 0 .9 9 2 2 0.9499
350 1.0000 0 .9393 0 .9 8 5 7 0.9551
400 1.0000 0 .9416 0 .9757 0.9632
450 1.0000 0 .9408 0 .9609 0.9751
500 1.0000 0 .9393 0 ,9398 0.9919
550 1.0000 0.9364 0 .9110 1.0135
600 1.0000 0.9309 0 .8739 1.0387
650 1.0000 0.9201 0.8299 1.0604
700 1.0000 0 .9050 0.8094 1.0561
750 1.0000 0.8738 0 .7903 1.0244
800 0.9999 0.8116 0 .7617 0.9548
850 0 .9997 0.7165 0 .7208 0.8477
♦ I n l e t  Mole R a t io  ^ / H j S  was 5 /1 .
♦ ♦ I n l e t  Mole R a t io  OO/OOa/COS was 5 / 5 / 1 .  
♦ ♦ ♦ I n le t  Mole R a t io  00/Q0s /COS/HaS was 5 / S / l / l .
A m o d i f i e d  C olum bia  S c i e n t i f i c  I n s t r u m e n t s  (C S I)  M odel 1000B 
T h e n n o g r a v im e t r i c  A n a l y s i s  I n s t r u m e n t  (TGA) was u s e d  t o  m o n i to r  t h e  
r e a c t i o n .  C om ponents  o f  t h e  r e a c t o r  sy s te m  i n c l u d e  r o t a m e t e r s  f o r  
g a s  f lo w  m e a s u re m e n t ,  a Cahn RG E l e c t r o b a l a n c e  f o r  w e ig h t  m easu re m e n t ,  
a  CSI t e m p e r a t u r e  p rogram m er f o r  t e m p e r a t u r e  c o n t r o l ,  and  a H e w l e t t -  
P a c k a r d  s t r i p  c h a r t  r e c o r d e r  f o r  b o th  w e ig h t  and t e m p e r a t u r e  r e c o r d i n g .  
M a jo r  m o d i f i c a t i o n s  t o  t h e  b a s i c  TGA in s t r u m e n t  c o n s i s t e d  o f t  ( l )  
r e p l a c e m e n t  o f  tw o o r i g i n a l  p u rg e  m e te r s  w i th  s i x  M ath eso n  r o t a m e t e r s  f o r  
b e t t e r  g a s  f lo w  c o n t r o l  and t o  p r e v e n t  c o r r o s i o n  p r o b le m s ;  (2 )  r e p l a c e ­
m ent o f  t h r e e  u n s h i e l d e d  c h ro m e 1 -a lu m e l  th e r m o c o u p le s  i n  t h e  r e a c t o r  
w i t h  t h r e e  c h r o m e l - a lu m e l  th e r m o c o u p le s  w i t h  316 s t a i n l e s s  s t e e l  (SS) 
s h e a t h s .  T h i s  was done t o  p r e v e n t  r a p i d  d e t e r i o r a t i o n  o f  t h e  th e rm o ­
c o u p l e s  from  c o r r o s i v e  a c t i o n s  o f  Ha S and 0 0 S | ( 3 )  p la c e m e n t  o f  a 
t e f l o n  b a f f l e  b e tw e e n  t h e  b a l a n c e  m echanism  and t h e  r e a c t i v e  g a s  i n l e t  
t o  p r e v e n t  b a ck  d i f f u s i o n  o f  t h e  c o r r o s i v e  r e a c t i v e  g a s e s .  S p e c i f i c a ­
t i o n s  o f  t h e  TGA sy s te m  a r e  found  i n  T a b le  V - I I  and  a s c h e m a t ic  d ia g ra m  
i s  shown i n  F i g u r e  V -3 . F u r t h e r  d e t a i l s  o f  t h e  a p p a r a t u s  may be found  in  
t h e  i n s t r u c t i o n  m a n u a ls  ( 4 , 5 , 6 , 7 ) ,
S o l i d  r e a c t a n t  (ZnO) was su sp e n d e d  i n s i d e  t h e  r e a c t i o n  tu b e  from 
t h e  e l e c t r o b a l a n c e  b y  m eans o f  a n ich rom e hang  down w i r e .  Powdered 
z i n c  o x id e  was h e l d  i n  a p l a t i n u m  pan  w i t h  a 9mm d i a m e t e r .  S p h e r i c a l  
p e l l e t s  o f  z i n c  o x id e  w ere  su sp e n d e d  by  a w ire  cag e  made from 28 gauge  
p l a t i n u m  w i r e .  T h i s  c ag e  was d e s ig n e d  t o  have  m in im a l  e f f e c t  on m ass  
t r a n s f e r  b e tw e e n  t h e  s o l i d  r e a c t a n t  and t h e  b u lk  g a s  s t r e a m .
T h r e e  t h e r m o c o u p l e s ,  p l a c e d  im m e d ia te ly  b e lo w  t h e  s o l i d  sam p le ,  
w ere  u se d  t o  m e asu re  t h e  t e m p e r a t u r e .  One th e rm o c o u p le  was c o n n e c te d  




TGA* C olum bia  S c i e n t i f i c  I n d u s t r i e s  Model lOOOB, P500 T e m p e ra tu re  
Programmer* I s o t h e r m a l  o r  1 ° ,  2 . 5 ° ,  5 ° ,  1 0 ° ,  5 0 °  i n c r e a s e  o r  
d e c r e a s e .
T h erm o co u p le*  C h ro m e l-a lu m e l ,  316 s t a i n l e s s  s t e e l  s h e a t h  w i th  
g ro u n d e d  j u n c t i o n .
R e a c to r *  Q u a r tz  t u b e ,  17 mm i n s i d e  d i a m e t e r ,  250 mm l e n g t h ;  w a te r  
c o o le d  e l e c t r i c  f u r n a c e .
B a la n c e *  Cahn RG E l e c t r o b a l a n c e
Maximum w e ig h t  change* 1000 m i l l i g r a m s  
U l t i m a t e  s e n s i t i v i t y :  0 .1  m ic ro g ram  
P r e c i s i o n *  0 . 2  m ic ro g ram s
S t r i p - c h a r t  R e c o rd e r*  H e w l e t t - P a c k a r d  M odel H45-7100B frame w i th  M odel 
17504A i n p u t  m o d u le /d u a l  c h a n n e l s )
C h a r t  Speeds* 2 i n / s e c  t o  1 i n . / h r
C h a r t  Span* 5 -1 0  m i l l i v o l t s  w e i g h t ,  0 ° -1 0 0 0 ° C  ty p e  K th e rm o c o u p le
R o ta m e te r s *  M ath eso n  tu b e  602  -  008 and CO 
M ath e so n  tu b e  603  -  Ns  
M ath e so n  tu b e  610 -  Ha S and COS 
M ath eso n  t u b e  6 1 0 A -  Hg
VCMT




F ig u r e  V -3. S ch em atic  D iagram  o f  TGA S ystem .
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f e e d b a c k  f o r  t h e  t e m p e r a t u r e  p ro g ram m er,  and  t h e  t h i r d  p r o v id e d  t h e  
t e m p e r a t u r e  o u t p u t  t o  t h e  r e c o r d e r .  S l i g h t  d i s c r e p a n c i e s  b e tw e e n  t h e  
" t r u e  t e m p e r a t u r e "  o f  t h e  r e a c t o r ,  a s  m easu re d  b y  a h ig h  t e m p e r a t u r e  
th e rm o m e te r  and a  f o u r t h  th e rm o c o u p le  i n d e p e n d e n t  o f  t h e  TGA, and t h e  
o u t p u t  o f  t h e  TGA's th e r m o c o u p le s  w ere  fo u n d .  T h e r e  was e x c e l l e n t  
a g re e m e n t  b e tw e e n  t h e  th e rm o m e te r  and t h e  f o u r t h  t h e r m o c o u p le .  C onse ­
q u e n t l y ,  t h e  o u t p u t  o f  t h e  TGA th e r m o c o u p le s  was c a l i b r a t e d  t o  t h e  t r u e  
t e m p e r a t u r e .  T he  t e m p e r a t u r e  o f  e a c h  r u n  was t a k e n  a s  t h e  a v e r a g e  o f  
t h e  c a l i b r a t e d  o u t p u t  o f  t h e  r e c o r d e r  th e rm o c o u p le  and t h e  p rogram m er 
s e t  p o i n t .  D e v i a t i o n s  b e tw e e n  t h e  two c o r r e c t e d  t e m p e r a t u r e s  were  
u s u a l l y  l e s s  t h a n  5°C  and l a r g e  d e v i a t i o n s  o f  10°C t o  20°C w ere  u sed  
a s  i n d i c a t i o n s  t h a t  t h e  th e r m o c o u p le s  w ere  b e in g  c o r r o d e d  and r e q u i r e d  
r e p l a c e m e n t .
I n e r t  g a s e s ,  n i t r o g e n  and i n  some c a s e s  c a r b o n  d i o x i d e ,  w ere  i n t r o ­
d u c ed  i n t o  t h e  sy s te m  u p s t r e a m  o f  t h e  b a l a n c e .  T h i s  was done t o  m in im ize  
e x p o s u r e  o f  t h e  b a l a n c e  m echanism  t o  t h e  c o r r o s i v e  r e a c t i n g  g a s e s .  
R e a c t i v e  g a s e s  com bined  w i th  t h e  n i t r o g e n  and c a r b o n  d i o x i d e  down­
s t r e a m  o f  t h e  b a l a n c e  t h r o u g h  a s i d e  p o r t  and t h e n  p a s s e d  o v e r  t h e  
z i n c  o x i d e .  R e a c t i v e  g a s  f lo w  r a t e s  w ere  s u f f i c i e n t  t o  i n s u r e  t h a t  no 
a p p r e c i a b l e  c h an g e  i n  c o m p o s i t i o n  o f  t h e  b u lk  g a s  s t r e a m  o c c u r r e d  due  
t o  r e a c t i o n .  A l l  g a s  f lo w s  w ere  c o n t r o l l e d  w i th  n e e d l e  v a l v e s  on  t h e  
r o t a m e t e r s .  A ll  g a s e s  w ere  e v e n t u a l l y  e x h a u s t e d  t o  a v e n te d  hood f o r  
l a b o r a t o r y  s a f e t y .
Materials
N i t r o g e n  (99,99%  p u r e )  and h y d ro g e n  (99.9535) w ere  o b t a i n e d  from  
L o u i s i a n a  S t a t e  U n i v e r s i t y  p l a n t  s t o r e s .  C hem ica l g r a d e  H3S (99.63»)
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and 0 0  ( 9 9 . 5 $ ) ,  c o m m e rc ia l  g r a d e  0 0 ,  ( 9 9 . 5 $ ) ,  and  0 0 S ( 9 7 .5 $ )  w ere  
p u r c h a s e d  from  M a th eso n  Gas P r o d u c t s  Company. T y p i c a l  c o n ta m in a n t s  
o f  t h e  g a s e s  p r o v id e d  b y  M a th e so n  c a n  b e  s e e n  i n  T a b le  V - I I I *
Two s o u r c e s  o f  ZnO w ere  u s e d  i n  t h i s  s t u d y .  One s o u rc e  was U .S .P .  
g r a d e  ZnO pow der o b t a i n e d  from  M a th e so n  Coleman & B e l l .  T h i s  powder 
was c o n s i d e r e d  t o  b e  100$ p u re  and  t o  h av e  t h e  p r o p e r t i e s  a s s o c i a t e d  
w i t h  ZriO i n  s t a n d a r d  r e f e r e n c e  b o o k s .  T he T y l e r  s c r e e n  a n a l y s i s  f o r  
t h e  U .S .P .  g r a d e  ZnO i s  g iv e n  i n  T a b le  V-IV .
S p h e r i c a l  2x0 p e l l e t s  were o b t a i n e d  from  t h e  C a t a l y s t s  D i v i s i o n  o f  
C hem etron  C o r p o r a t i o n ,  L o u i s v i l l e ,  K e n tu c k y .  T h i s  ZrO i s  d e s i g n a t e d  a s  
G-72C by  C hem etro n  C o r p o r a t i o n  and i s  a v a i l a b l e  c o m m e r c i a l ly .  The 
c h e m ic a l  and p h y s i c a l  p r o p e r t i e s  o f  G-72C z in c  o x i d e ,  a s  r e p o r t e d  b y  
C hem etron  C o r p o r a t i o n ,  a r e  shown i n  T a b le  V-V.
T h i s  s o u rc e  o f  ZrO was u s e d  b o th  a s  s p h e r i c a l  p e l l e t s  and g ro u n d  
i n t o  pow der f o r  e x p e r i m e n t a l  r u n s .  The pow der s a m p le s  w ere  p r e p a r e d  
b y  g r i n d i n g  t h e  p e l l e t s  i n  a m o r t a r  and p e s t l e .  The  m a t e r i a l  was s i e v e d  
and t h a t  w hich  p a s s e d  th r o u g h  T y l e r  mesh s i z e  200 was u s e d .
T he c o m m e rc ia l  ZnO c o n t a i n e d  v o l a t i l e  compounds w hich  v a p o r i z e  
upon  i g n i t i o n .  To r i d  t h e  e x p e r i m e n t a l  s a m p le s  o f  t h e s e  v o l a t i l e  com­
p o u n d s ,  b o t h  pow der and p e l l e t s  were  p r e h e a t e d  t o  500°C f o r  a p e r i o d  o f  
24 h o u r s .  The f i r e d  p e l l e t s  w ere  s t o r e d  i n  a vacuum d e s i c c a t o r  and k e p t  
u n d e r  an  i n e r t  n i t r o g e n  a tm o s p h e re  d u r i n g  p r e h e a t .
E x n f t r im e n ta l  P r o c e d u r e
T he e l e c t r o b a l a n c e  was r e - c a l i b r a t e d ,  a c c o r d i n g  t o  t h e  p r o c e d u r e s  
o u t l i n e d  i n  t h e  i n s t r u c t i o n  m anual ( 4 ) ,  b e f o r e  e a c h  r u n  t o  i n s u r e  
a c c u r a c y .  A f t e r  c a l i b r a t i o n  a s o l i d  sam ple  was s e l e c t e d  f o r  r e a c t i o n .
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TABLE V - I I I  
TYPICAL CONTAMINANTS OF MATHESON GASES ( 5 )
Gas C o n ta m in a n t
H8 S P r o p y l e n e ,  p ro p a n e ,  0 2 , Na , HaO,
d im e th y l  s u l f i d e  ( t r a c e )
CO Oa , Na , COa , HaO ( t r a c e )
CQ, Oa , Ns, HaO
COS CSg, GOa , Na , CSy 0 8 , Ha S ( t r a c e )
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TABLE V-IV
TYLER SCREEN ANALYSIS FOR U .S .P .  GRADE ZINC OXIDE
T y l e r  Mesh
S iz e  W eight P e r c e n t
50 1 . 3
60 2 . 8
70 1 .6
80 1 7 ,3
100 7 . 6
200 4 1 . 0
32b 2 7 .4
-3 2 b 1 .0
14 L
TABLE V-V
CHEMICAL AND PHYSICAL PROPERTIES OF G-72C ZINC OXIDE (8 )
C a t a l y s t  C o m p o s i t io n  - Nominal C o n te n t
Cflaecnerrt %
ZnO 85 minimum
s 0 . 2
Cl 0 .0 4
Ca 0 .5
Ni 0 .0 5
T1 0 .0 5
Mo 0 .0 1
Pb 0 .5
Sn 0 .0 1  maximum
As 0 .0 0 1  maximum
Hg 0 ,0 1  maximum
Fe 0 . 5  maximum
ca 0 . 2
Cu 0 .0 1
P h y s i c a l  P r o p e r t i e s
A. B u lk  D e n s i t y  - 69 l b s / f t *  ± 4
B. S u r f a c e  Area -  1 6 .6  -  2 6 .0  m*/g
C. P o re  Volume -  0 .2 2  c c / g t  0 .2 6  -  0 .0 3 6  m ic ro n s
TABLE V-V ( c o n t in u e d )
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D. P o re  Volume D i s t r i b u t i o n  -  0 .1 4  c c / g  © 800 ft
0 .0 2  c c / g  © 140 ft
E . L o ss  on I g n i t i o n  t o  C o n s t a n t  W eight*
(1 )  W eigh t L o ss  a t  1000°F -  0 -  10#
F .  P a r t i c l e  S iz e  -  1 /8 "  t o  3 /1 6 "  S p h e r e s
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I f  t h e  r u n  u t i l i z e d  a s p h e r i c a l  p e l l e t ,  t h e  d i a m e t e r  o f  t h e  
p e l l e t  was m e a su re d  t o  t h e  n e a r e s t  t e n  t h o u s a n d t h  o f  a n  in c h  w i th  
a n  Ames t h i c k n e s s  m e t e r .  The d i a m e t e r  was assum ed t o  b e  t h e  a v e r a g e  
o f  f o u r  m e a su re m e n ts  t a k e n  a c r o s s  random  d i a m e t e r s .  F o r  pow der r u n s ,  
t h e  sam ple  was w eighed  on  a l a b o r a t o r y  b a l a n c e  t o  i n s u r e  t h a t  a p p r o x i ­
m a te ly  t h e  c o r r e c t  sam ple  s i z e  (1 0  t o  2D mg) was u s e d .  The s a m p le ,  
e i t h e r  pow der o r  p e l l e t ,  was t h e n  w e ighed  b y  t h e  e l e c t r o b a l a n c e  t o  t h e  
n e a r e s t  one  h u n d r e d th  o f  a m i l l i g r a m .  T h i s  w e ig h t  was assum ed t o  be 
t h e  t r u e  i n i t i a l  w e ig h t  o f  t h e  s o l i d  s am p le .
The TGA was s e a l e d  and f l u s h e d ,  a t  a m b ie n t  t e m p e r a t u r e ,  w i th  Na 
and  C0a f o r  r u n s  t h a t  i n c l u d e d  QOS. The f l u s h i n g  l a s t e d  f o r  a minimum 
o f  45  m i n u t e s .  D u rin g  t h e  f l u s h i n g  t h e  f lo w  r a t e s  f o r  t h e  r e m a in in g  
g a s e s  t o  be  u s e d  i n  t h a t  e x p e r im e n t  w ere  s e t  and a l lo w e d  t o  s t a b i l i z e  
w h i l e  b e in g  b y - p a s s e d  t o  a v e n t .  F o l lo w in g  t h e  f l u s h i n g  s t e p  t h e  t e m p e r a ­
t u r e  o f  t h e  r e a c t o r  was r a i s e d  t o  t h e  d e s i r e d  r e a c t i o n  t e m p e r a t u r e  by  
d i a l i n g  t h e  p r o p e r  s e t  p o i n t  on t h e  t e m p e r a t u r e  p ro g ram m er.  A f t e r  
t h e r m a l  e q u i l i b r i u m  was a c h i e v e d ,  t h e  r e a c t i v e  g a s e s  w ere  s w i tc h e d  from  
t h e  v e n t  t o  t h e  r e a c t o r .  T he r e a c t i v e  g a s e s  e n t e r e d  t h e  r e a c t o r  a s  a 
s t e p  change  a s h o r t  t i m e ,  u s u a l l y  one t o  t h r e e  m i n u t e s ,  a f t e r  b e in g  
s w i t c h e d .  C h an g in g  sam ple  w e ig h t  was r e c o r d e d  a s  a f u n c t i o n  o f  t im e  
a s  t h e  r e a c t i v e  g a s e s  e n t e r e d  t h e  r e a c t o r .  The c o r r e c t  " t im e  z e r o '1 
f o r  t h e  r e a c t i o n  was o b v io u s  from  t h e  w e ig h t  g a i n  o f  t h e  s o l i d .  T y p i c a l  
w e ig h t  v e r s u s  t im e  o u t p u t  from t h e  s t r i p  c h a r t  r e c o r d e r  i s  shown i n  
F i g u r e  V -4 .
The w e ig h t  m easu rem en t on  t h e  r e c o r d e r  t r a c e  was t a k e n  a s  a w e ig h t  










E q u i l ib r iu m "  Weight
T)
I n i t i a l  R e a c t io n  
R ate  -  (d W /d t) .
t=C
t ( t i m e )
F ig u re  V-4. T y p ic a l  Form o f  TGA Weight O u tp u t .
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p o s s i b l e  t o  u s e  t h e  r e c o r d e r  t r a c e  a s  a c o r r e c t  i n d i c a t i o n  o f  sam ple 
w e ig h t  b e c a u s e  c e r t a i n  e x p e r i m e n t a l  phenomena c a u s e d  t h e  t r a c e  t o  be 
o f f s e t .  T h i s  o f f s e t  was c o n s t a n t  t h r o u g h o u t  t h e  r e a c t i o n  f o r  a l l  
p e l l e t  r u n s  and Ha /Vl8S r u n s  w i th  p ow der. T h e r e f o r e  t h e  c o r r e c t  w e ig h t  
a t  an y  t im e  c o u ld  be o b t a i n e d  b y  a d d in g  t h e  w e ig h t  chan g e  f o r  t h a t  t im e  
t o  t h e  t r u e  i n i t i a l  w e i g h t .
T h e re  were two phenomena t o  w hich  t h e  o f f s e t  may be  a t t r i b u t e d .
One was a e ro d y n a m ic  d r a g .  The g a s e s  f lo w in g  p a s t  t h e  s o l i d  sam ple 
c r e a t e d  a  d r a g  f o r c e  w h ich  was c o n s t a n t  t h r o u g h o u t  a r u n  s i n c e  a c o n s t a n t  
f lo w  r a t e  was m a i n t a i n e d .  The e f f e c t  was t o  make t h e  s o l i d  a p p e a r  
h e a v i e r  t h a n  i t  a c t u a l l y  w as.
A erodynam ic  d r a g  a l s o  l i m i t e d  t h e  maximum v o l u m e t r i c  f lo w  r a t e  o f  
g a s e s  f lo w in g  p a s t  t h e  s o l i d  s a m p le .  I f  t h e  v o l u m e t r i c  f lo w  r a t e  w ere  
t o o  h i g h ,  t h e  sam ple  w ould b e g i n  t o  sw ing  b ack  and  f o r t h  i n  t h e  r e a c t i o n  
t u b e .  T h i s  c a u s e d  e x c e s s i v e  n o i s e  on  t h e  r e c o r d e r  and no u s e f u l  i n f o r ­
m a t io n  c o u ld  be  o b t a i n e d  from  t h e  t r a c e .
T he seco n d  phenom enon w hich  c a u s e s  a w e ig h t  o f f s e t  i s  more d i f f i c u l t  
t o  e x p l a i n .  A p p a r e n t ly ,  s m a l l  q u a n t i t i e s  o f  some c h e m i c a l ,  th o u g h t  t o  
be  Sa , w ould a d s o r b  on  t h e  sam ple  h o l d e r  a f t e r  t h e  t e m p e r a t u r e  was 
lo w e re d  a t  t h e  end  o f  a r u n .  T h i s  com ponent would  t h e n  d e s o r b  a s  t h e  
t e m p e r a t u r e  r o s e ,  i n  a Na a tm o s p h e r e ,  a t  t h e  b e g i n n i n g  o f  t h e  n e x t  r u n .  
T he phenomenon was more p ro n o u n c e d  d u r i n g  r u n s  w here  e q u i l i b r i u m  c a l ­
c u l a t i o n s  p r e d i c t e d  r e l a t i v e l y  l a r g e  c o n c e n t r a t i o n s  o f  Sa . I t  was more 
p ro n o u n c e d  f o r  t h e  p l a t i n u m  p a n  ( h i g h e r  s u r f a c e  a r e a )  u s e d  f o r  pow ders  
t h a n  f o r  t h e  p l a t i n u m  cage  u sed  f o r  t h e  s p h e r i c a l  p e l l e t s .  I t  o c c u r r e d  
f o r  an  em pty  sam ple  pan  a s  w e l l  a s  f o r  a pan  c o n t a i n i n g  s o l i d  r e a c t a n t .
The phenomenon d i d  n o t  c a u s e  a p p r e c i a b l e  p ro b le m s  w i th  Ha /faa S and 
ZrtD pow der r u n s  o r  any  o f  t h e  p e l l e t  r u n s  s i n c e  t h e  amount o f  a b s o r b e d  
Sa was m in im a l .  I t  a l s o  d e s o r b e d  w i t h i n  s e c o n d s  a f t e r  t h e  t e m p e r a t u r e  
r e a c h e d  i t s  s e t  p o i n t .  The  e f f e c t  o f  t h e  phenomenon f o r  Ha ^ t a S powder 
r u n s  and  p e l l e t  r u n s  was an  a p p a r e n t  r a p i d ,  b u t  s m a l l ,  w e ig h t  l o s s  f o r  
t h e  s o l i d .  H ow ever, t h e  a d s o r p t i o n  phenomenon d i d  p r e v e n t  a c c u r a t e  
m e a s u re m e n ts  f o r  pow der r u n s  w i t h  COS. The c o m b in a t io n  o f  t h e  r e l a t i v e l y  
l a r g e  s u r f a c e  a r e a  o f  t h e  pan  and t h e  h i g h e r  Sa c o n t e n t  o f  t h e  g a s  c au se d  
a d s o r p t i o n  t o  o c c u r  d u r i n g  t h e  r u n .  T h i s  a d s o r p t i o n ,  a l t h o u g h  s m a l l ,  
o c c u r r e d  a lm o s t  im m e d ia te ly  a f t e r  t h e  r e a c t i v e  g a s e s  e n t e r e d  t h e  r e a c t o r  
and  made i t  i m p o s s i b l e  t o  o b t a i n  r e l i a b l e  e s t i m a t e s  o f  t h e  i n i t i a l  r a t e .  
S in c e  t h e  i n i t i a l  r a t e  i s  o f  p r im e  im p o r ta n c e  i n  pow der r u n s ,  t h e  pow der 
r u n s  w i th  OOS w ere  d i s c o n t i n u e d .  The phenomenon o c c u r r e d  w i th  an em pty 
sam ple  pan  a s  w e l l  a s  when t h e  pan  c o n t a i n e d  z in c  o x id e  p ow der. A 
c o l o r  change  o f  t h e  sam ple  pan  was a l s o  a s s o c i a t e d  w i th  t h i s  phenom enon. 
T h e  p l a t i n u m  w ould  t u r n  a g u n m e ta l  b lu e  when t h e  g a s  was a d s o r b e d .
P e l l  (2 )  e x p e r i e n c e d  a s i m i l a r  p ro b le m  w h i le  w o rk in g  w i t h  Ha S , 
H ow ever, he  a t t r i b u t e d  h i s  p ro b le m  t o  s u l f u r  c o n d e n s in g  on c o o l e r  p a r t s  
o f  t h e  hangdown w i r e  u s e d  t o  su sp e n d  t h e  sam ple  h o l d e r  from t h e  b a l a n c e .  
P e l l ’ s  e x p e r i m e n t a l  sy s te m  d i f f e r e d ,  h o w ev er ,  i n  t h a t  t h e  r e a c t i v e  
g a s e s  f lo w ed  u p w ard , to w a rd  t h e  hangdown w i r e ,  and e x h a u s te d  above t h e  
s a m p le .
T h e  d i f f i c u l t i e s  e n c o u n te r e d  i n  o b t a i n i n g  t h e  w e ig h t  o f  t h e  s o l i d  
r e a c t a n t  a s  a f u n c t i o n  o f  t im e  were due p r i m a r i l y  t o  t h e  c o n s t a n t  o f f s e t  
b y  t h e  ae ro d y n am ic  d r a g  and c h em ica l  a d s o r p t i o n  phenom ena. T h o se  p ro b lem
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w ere  minor, except fo r  c e r ta in  c a s e s ,  and i t  was i m p o s s i b l e  t o  r e a d  
weight change as a f u n c t i o n  of t im e  d i r e c t l y  from  t h e  r e c o r d e r  t r a c e .
The c o n c l u s i o n  o f  a r u n  was r e a c h e d  when e i t h e r  t h e  w e ig h t  o f  t h e  
s o l i d  c e a s e d  t o  change  w i t h  t im e  o r  when a p r e d e t e r m in e d  p o i n t  was 
re a c h e d *  The t e m p e r a t u r e  s e t  p o i n t  was t h e n  s e t  t o  z e r o  and t h e  
r e a c t i v e  g a s e s  were s h u t  o f f .  The TGA sy s te m ,  i n c l u d i n g  t h e  r e a c t i v e  
g a s  f lo w  m e t e r s ,  was f l u s h e d  w i th  Ns w h i le  c o o l in g  t o  room t e m p e r a t u r e .  
T he  s o l i d  sam ple  was removed when am b ie n t  t e m p e r a t u r e  was r e a c h e d  and 
p r e p a r a t i o n  f o r  a new ru n  was b e g u n ,  A sm a l l  f lo w  o f  Na (1 0  t o  20 c c /  
m in ) was p u rg e d  t h r o u g h  t h e  b a l a n c e  m echanism  and r e a c t o r  c o n t i n u o u s l y  
b e tw e e n  r u n s .
T he o v e r a l l  t e m p e r a t u r e  r a n g e  i n v e s t i g a t e d  was 323°C lo  814°C ,
The t o t a l  g a s  f lo w  ra n g e  was 200 c c /m in  to  o v e r  IbhU c c /m in .  The 
p a r t i a l  p r e s s u r e s  o f  t h e  r e a c t i v e  g a s e s  ra n g e d  from  0 ,0 1  atm t o  0 .0 8  
a tm . The w e ig h t  o f  pow dered sam p le s  ra n g e d  from 9 .3 1  t o  4 3 ,94  mg w h i le  
t h e  p e l l e t  w e ig h t  ra n g e d  from 3 1 .1 9  t o  6 3 .5 6  mg.
A u x i l i a r y  E x p e r im e n ts
U n co n n ec ted  t o  t h e  k i n e t i c  m e asu re m e n ts  b u t  im p o r ta n t  t o  t h i s  o v e r ­
a l l  s tu d y  were s u r f a c e  a r e a  m e a s u re m e n ts ,  x - r a y  d i f f r a c t i o n  a n a l y s i s ,  
n u c l e a r  a c t i v a t i o n  a n a l y s i s ,  s c a n n in g  e l e c t r o n  m ic ro s c o p e  s t u d i e s ,  and 
e l e c t r o n  m ic ro p ro b e  w o rk .
S u r f a c e  a r e a s  w ere  m easu red  by t h e  dynam ic  BET m ethod ( B r u n a u e r -  
E m m e t t - T e l le r )  on a Perkin-E-lm i r  312 L) S o r p to m e te r .  T h i s  p io c e d u r e  
r e l a t e s  t h e  amount o f  Na p h y s i c a l l y  a d so rb e d  j ' j  a m o n o la y e r  to  s u r f a c e  
a r e a  p e r  u n i t  m ass o f  s am p le .  T>'e me..isu i ■-J s u r f a c e  area'., f o r  t h e
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U .S .P .  g r a d e  ZrO pow der and t h e  co m m erc ia l  g r a d e  pow der and p e l l e t s  
a r e  g iv e n  i n  T a b le  V-V I. T he  s u r f a c e  a r e a  m e a su re m e n ts  f o r  t h e  com­
m e r c i a l  g r a d e  ZrO w ere  made a f t e r  t h e  h e a t  t r e a t m e n t .
T he r e a c t i o n  p r o d u c t s  w ere  v e r i f i e d  t o  be ZnS w i th  x - r a y  d i f f r a c ­
t i o n  a n a l y s i s .  T h i s  a n a l y s i s  was p e r fo rm e d  u s i n g  a P h i l l i p s  E l e c t r o n i c  
I n s t r u m e n t s  x - r a y  d i f f r a c t o m e t e r ,  i n  w h ich  c o p p e r  K -a lp h a  r a d i a t i o n  was 
u s e d  t o  m easu re  B ragg  a n g l e s  o f  c r y s t a l l i n e  p h a s e s  p r e s e n t  i n  t h e  p r o d u c t .
The 2 i n c  o x id e  c o n t e n t  o f  t h e  co m m erc ia l  p e l l e t  was d e te r m in e d  
a f t e r  f i r i n g  b y  n u c l e a r  a c t i v a t i o n  a n a l y s i s .  The z in c  o x id e  was a c t i ­
v a t e d  b y  n e u t r o n s  from  C a l i f o r n i u m  252 a c c o r d in g  t o  t h e  r e a c t i o n
The gamma r a y  i n t e n s i t y  was c o u n te d  u s i n g  a N u c le a r  D a ta  2400 Gamma 
Ray S p e c t r o m e te r  w i th  a sod ium  i o d i d e  d e t e c t o r .  The d a t a  was compared 
w i th  a  s t a n d a r d  ZnO (M atheson  Coleman & B e l l  U .S .P ,  g r a d e )  t o  compute 
t h e  p e r  c e n t  ZnO. Two sa m p le s  w ere  a n a ly z e d  by  t h i s  m e th o d . The 
r e s u l t s  w ere  94.0896 ZnO and 95.02J& ZnO i n  t h e  co m m erc ia l  p e l l e t s .  An 
a v e r a g e  v a lu e  o f  94.5496 Zrd  was u se d  i n  th e  a n a l y s i s  o f  t h e  k i n e t i c  d a t a .
T he s c a n n in g  e l e c t r o n  m ic ro s c o p e  s t u d i e s  and e l e c t r o n  m ic ro p ro b e  work 
was p e r fo rm e d  u s i n g  b o th  an  ORTEC Model 6200 X -ra y  D e t e c t i o n  S ystem  w i th  
a Mu I t i c h a n n e l  A n a ly z e r  and a JSM-2 S c a n n in g  E l e c t r o n  M ic r o s c o p e .  The
( V-6)
T h i s  i s o t o p e  d e c a y s  w i th  a 1 3 .9  h o u r  h a l f - l i f e *
a 9 Zn -  6®Zn + 1 n + 0 .5 7 4  Mev y




PROPERTIES OF ZINC OXIDE REACTANT
S o u rce Form
S u r f a c e  Area 
(m®/g)
P u r i t y
%
M a th e s o n ,  Coleman 
& B e l l Powder 4 .8 9 5 100
C hem etron
C o r p o r a t i o n Powder 1 1 .7 2 9 4 .5 4
C hem etron
C o r p o r a t i o n
S p h e r i c a l
P a r t i c l e 1 7 .8 9 9 4 .5 4
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e l e c t r o n  m ic r o s c o p e  was u se d  t o  i n s p e c t  and p h o to g r a p h  t h e  s u r f a c e  o f  
b o t h  r e a c t e d  and u n r e a c t e d  p a r t i c l e s  and c r o s s  s e c t i o n s  o f  p a r t i c l e s  
r e a c t e d  t o  d i f f e r e n t  e x t e n t s .  The e l e c t r o n  m ic ro s c o p e  u s e d  a f i l a m e n t  
w i th  a  25 K v o l t  a c c e l e r a t i n g  p o t e n t i a l .  Due t o  t h e  m e c h a n ic a l  c o n d i ­
t i o n  o f  t h e  e l e c t r o n  m ic ro s c o p e  a t  t h e  t im e  o f  t h e  s t u d y ,  m a g n i f i c a ­
t i o n  was l i m i t e d  t o  a maximum o f  2400 t i m e s .  The e l e c t r o n  m ic ro p ro b e  
was u s e d  t o  map t h e  p r e s e n c e  o f  Zn and S on p a r t i c l e  s u r f a c e s  and c r o s s  
s e c t i o n s .  A 1000 % beam , i n  100 seco n d  sweeps was u sed  t o  e x c i t e  t h e  
a to m s  i n  a l i n e  a c r o s s  t h e  s u r f a c e  o f  w hole  and s e c t i o n e d  p a r t i c l e s .  
S u l f u r  was d e t e c t e d  a t  a K - a lp h a  r a d i a t i o n  o f  2 .3 0  Kev and Zn 
r a d i a t i o n  o f  9 . 6 2  Kev. S in c e  sodium  and e le m e n t s  w i th  an  a to m ic  number 
l e s s  t h a n  sodium  c o u ld  n o t  be d e t e c t e d  w i th  t h i s  i n s t r u m e n t ,  oxygon 
c o n t e n t  c o u ld  n o t  be m o n i to r e d .  T r a c e  i m p u r i t i e s  found in  t h e  p a r t i c l e s  
d u r i n g  t h e s e  s t u d i e s  were  c a l c iu m ,  t i n ,  and a lum inum . The p h o t o g r a p h i c  
r e s u l t s  o f  t h o s e  s t u d i e s  a s  w e l l  a s  an i n t e r p r e t i v e  d i s c u s s i o n  a r e  p r e ­
s e n te d  i n  C h a p te r  V I I .
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CHAPTER VI
EXPERIMENTAL RESULTS WITH ZINC OXIDE POWDER
A s i g n i f i c a n t  p o r t i o n  o f  t h e  e x p e r i m e n t a l  p rogram  in v o lv e d  t h e  
s t u d y  o f  r e a c t i o n s  b e tw e e n  Ha S and powdered z i n c  o x i d e .  Most o f  
t h i s  work u t i l i z e d  t h e  r e a g e n t  g ra d e  powder d i s c u s s e d  i n  t h e  p r e v i o u s  
c h a p t e r .  A few r u n s  w ere  p e r fo rm e d  w i th  c r u s h e d  co m m erc ia l  g ra d e  
ZnO t o  v e r i f y  t h a t  t h e r e  were no m a jo r  r a t e  d i f f e r e n c e s  b e tw een  t h e  
two z i n c  o x i d e s .  The p u rp o s e  o f  t h e  powder e x p e r im e n t s  was t o  exam ine  
t h e  k i n e t i c s  o f  t h e  r e a c t i o n  w i th  m in im a l  h e a t  and m ass t r a n s p o r t  
e f f e c t s .  T he u s e  o f  r e a g e n t  g ra d e  ZnO a l s o  e l i m i n a t e d  p o t e n t i a l  com­
p l i c a t i o n s  due  t o  i m p u r i t i e s .  R a t e s  o b s e r v e d  u n d e r  t h e s e  c o n d i t i o n s  
a r e  c o n s i d e r e d  t o  be  i n t r i n s i c  r a t e s .
T h e  f o l l o w i n g  d i s c u s s i o n  o u t l i n e s  t h e  mass t r a n s p o r t  assum p­
t i o n s ,  t h e  d e t e r m i n a t i o n  o f  r e a c t i o n  o r d e r  w i th  r e s p e c t  t o  g a s ,  
and  th e  e v a l u a t i o n  o f  A r r h e n iu s  c o n s t a n t s .  S e p a r a t e  s e c t i o n s  d i s c u s s  
t h e  u n iq u e  p ro b le m s  e n c o u n te r e d  a t  h ig h  t e m p e r a t u r e s ,  compare d a t a  
f o r  r e a g e n t  pow ders  and com m erc ia l  p o w d e rs ,  and d i s c u s s  s t o i c h i o m e t r y  
i n v o lv e d  i n  th e  powder r u n s .
M a th e m a t ic a l  B ackg round  f o r  Powder Runs
A powdered o r  c r u s h e d  sam ple  o f  s o l i d  r e a c t a n t  c an  p r o b a b ly  
b e s t  b e  v i s u a l i z e d  a s  m u l t i p l e  " m ic ro "  u n r e a c t e d  c o r e s  o r  a s  a 
" c r u s h e d "  g r a i n  m o d e l .  T h a t  i s ,  t h e  g r a i n s  w hich  r e a c t  a s  u n r e a c t e d
lb/>
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c o r e s  a r e  n o t  bound t o g e t h e r  a s  a s i n g l e ,  l a r g e r  p a r t i c l e ,  b u t  a r e  
s e p a r a t e  e n t i t i e s .  T h e se  g r a i n s  r e a c t  i n d e p e n d e n t l y  a s  m u l t i p l e  
v e r s i o n s  o f  t h e  u n r e a c t e d  c o r e  m o d e l .  The i n t r i n s i c  r a t e  e x p r e s s i o n  
f o r  t h i s  s i t u a t i o n  i s *
*A = >A "s' CSO cm N • ( VI- D
T h i s  r a t e  e x p r e s s i o n ,  w i t h  t h e  e x c e p t i o n  o f  a l l o w i n g  f o r  Nth o r d e r  
k i n e t i c s  f o r  t h e  g a s e o u s  r e a c t a n t ,  i s  t h e  same a s  e q u a t i o n  ( I I I - l l )  
u s e d  i n  t h e  d e v e lo p m en t  o f  t h e  u n r e a c t e d  c o r e  model and e q u a t i o n  
( I 11-52)  u s e d  t o  d e v e l o p  t h e  g r a i n  m ode l .
I t  i s  d i f f i c u l t  t o  d i r e c t l y  a n a l y z e  e x p e r i m e n t a l  d a t a  w i th  
e q u a t i o n  ( V I - l )  b e c a u s e  t h e  r e a c t i o n  r a t e ,  R^, i s  b a s e d  on a u n i t  
s u r f a c e  a r e a  o f  t h e  r e a c t i o n  f r o n t .  T h i s  s u r f a c e  a r e a  d e c r e a s e s  a s  
t h e  r e a c t i o n  consumes t h e  o u t e r  p e r i m e t e r  o f  t h e  s o l i d  r e o c t a n t .  
E x p e r i m e n t a l l y  t h e  d e c r e a s i n g  s u r f a c e  a r e a  i s  o b s e r v e d  a s  a d e c l i n e  
i n  t h e  amount o f  r e a c t a n t  c o n v e r t e d  t o  p r o d u c t  p e r  u n i t  t i m e .  While  
i t  i s  p o s s i b l e  t o  m a t h e m a t i c a l l y  e s t i m a t e  t h e  r e a c t i o n  s u r f a c e  a r e a  
a s  a f u n c t i o n  o f  r e a c t i o n  p r o g r e s s ,  a d i r e c t  m easu rem en t  can  be  made 
o n l y  b e f o r e  t h e  r e a c t i o n  s t a r t s .  I f  o n l y  d i r e c t  m e asu re m e n t s  a r e  
u s e d  i n  t h e  a n a l y s i s  o f  t h e  d a t a ,  i t  i s  n e c e s s a r y  t o  r e s t r i c t  t h e  
a n a l y s i s  t o  i n i t i a l  r e a c t i o n  r a t e s  w here  t h e  r e a c t i o n  s u r f a c e  a r e a  
i s  known.
A n o th e r  p ro b lem  which m us t  be r e s o l v e d  i n  o r d e r  t o  u t i l i z e  
e q u a t i o n  ( VI—1) t o  a n a l y z e  e x p e r i m e n t a l  d a t a  i s  t he  e f f e c t  o f  mass  
t r a n s f e r  r e s i s t a n c e s .  The i n t e r n a l  d i f f u s i o n  i s  c o n s i d e r e d  n e g l i g i b l e
154
because t h e  g r a i n  s i z e  i s  s m a l l  and o n l y  i n i t i a l  r a t e s  a r e  u s e d  i n  
t h e  d a t a  a n a l y s i s .  Sm a l l  g r a i n s  keep  t h e  maximum i n t e r n a l  d i f f u s i o n  
p a t h  s m a l l  and f o r  i n i t i a l  r a t e s  t h e r e  i s  no a s h  l a y e r  t o  p r e s e n t  a 
r e s i s t a n c e .  E x t e r n a l  mass  t r a n s f e r  r e s i s t a n c e  i s  h e l d  t o  a minimum 
b y  m a i n t a i n i n g  h i g h  g a s  f lo w  r a t e s  and s m a l l  s o l i d  s a m p l e s .
T h e  e f f e c t  o f  e x t e r n a l  m ass  t r a n s f e r  r e s i s t a n c e  on  t h e  powder 
i n  t h e  sample  pan can  be  s e e n  from t h e  f o l l o w i n g  d e v e lo p m e n t  a d a p t e d  
from  Smith  ( 1 ) .  F o r  a f i r s t  o r d e r  r e a c t i o n ,  an  a s s u m p t i o n  j u s t i f i e d  
l a t e r ,  t h e  r e a c t i o n  r a t e ,  R^,  may be w r i t t e n  a s
R A =  a A % o  CAS • <V I ' 2 >
The mass  t r a n s f e r  r a t e  may be  w r i t t e n  a s
t^riA ~ kmA^CAo " CAs^ ( V I - 3)
where
^mA ~ mass  t r a n s f e r  r a t e  o f  g a s e o u s  s p e c i e s  A t o  powder i n  
sample  p an .
E q u a t i o n s  (V I - 2 )  and (V I - 3 )  may be  combined by  m u l t i p l y i n g  e ach  by 
t h e i r  c h a r a c t e r i s t i c  a r e a .
«A * o ~ V  <V I‘ 4 >
w here
A0 = t o t a l  a v a i l a b l e  s u r f a c e  area  o f  s o l i d  r e a c t a n t
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= c h a r a c t e r i s t i c  a r e a  f o r  m ass  t r a n s f e r  ( u n d e f i n e d  f u n c t i o n  
r e l a t e d  t o  sample  pan  d i m e n s i o n s ) .
E q u a t i o n  ( V I - 4 )  may be r e w r i t t e n  a s
Ao a A k s  c So CAs = \ i A  k nA^CAo " CAs^ ( V l - b )
w hich  may be  s o l v e d  f o r  and s u b s t i t u t e d  i n t o  e q u a t i o n  ( V I - 2 )  
t o  y i e l d
R a  =  -------------------- 1---------------------   C A .  ( V I - 6 )
1 Ap " o
a A k s  CSo \ i A  kmA 
E q u a t i o n  ( V I - 6 )  may b e  r e p l a c e d  b y i
Ra = k "  C A ( V I - 7 )A s A0
where
k "  = ---------------- 1--------- 7----------  • (VI-8)
aA ks cso 'Sha W
I t  can  be s e e n  from e q u a t i o n  ( V I - 7 )  t h a t  f o r  a g i v e n  pan  g e o m e t ry  
and  kg  t h e  g l o b a l  r a t e  o f  e q u a t i o n  ( VI—7) a p p r o a c h e s  t h e  i n t r i n s i c  
r a t e  o f  e q u a t i o n  ( V I - 2 )  a s  t h e  r a t i o  ^mf/ A0 i n c r e a s e s .
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I t  would  be  d i f f i c u l t  t o  p r e d i c t  k . a s  a f u n c t i o n  o f  g a sjnA
v e l o c i t y  p a s t  t h e  sam ple  p a n .  N e v e r t h e l e s s  m o s t  c o r r e l a t i o n s  
f o r  s p e c i f i e d  g e o m e t r i e s  show a s  a m o n o t o n i c a l l y  i n c r e a s i n g  
f u n c t i o n  o f  g a s  v e l o c i t y .  I f  t h i s  i s  t r u e  t h e n  t h e  s eco n d  t e r m  i n  
t h e  d e n o m i n a t o r  o f  e q u a t i o n  (V I - 8 )  c a n  be r e n d e r e d  n e g l i g i b l e  e i t h e r  
b y  i n c r e a s i n g  k ^ ,  d e c r e a s i n g  A0 , o r  by  m aking  t h e  r a t i o ,  kmA^Ao ’ 
l a r g e .
As t h e  t e m p e r a t u r e  o f  t h e  r e a c t i o n  e n v i r o n m e n t  i n c r e a s e s ,  k ^ ,  
a  s t r o n g  f u n c t i o n  o f  t e m p e r a t u r e ,  i n c r e a s e s  much more r a p i d l y  t h a n
8 wea^ f unc,t i on  t e m p e r a t u r e .  T h u s  f o r  a g i v e n  W v  h i g h e r
t e m p e r a t u r e s  t e n d  t o  i n c r e a s e  t h e  e f f e c t  o f  m ass  t r a n s f e r .  To k e e p  
m ass  t r a n s f e r  r e s i s t a n c e  t o  a minimum a t  h i g h  t e m p e r a t u r e s ,  i t  i s  
n e c e s s a r y  t o  i n c r e a s e  by  i n c r e a s i n g  t h e  g a s  v e l o c i t y  o r
d e c r e a s i n g  t h e  amount o f  s o l i d  r e a c t a n t .  However,  i n  t h e  r e a c t i o n  
ch am b e r ,  t h e r e  i s  a p r a c t i c a l  l i m i t  t o  g a s  v e l o c i t y  and t o  t h e  
minimum amount o f  s o l i d  r e a c t a n t  t h a t  can  be a c c u r a t e l y  h a n d l e d .
I n  summary, t h e  a s s u m p t i o n  o f  n e g l i g i b l e  e x t e r n a l  mass  t r a n s f e r  
r e s i s t a n c e  i s  r e a l i s t i c  f o r  r e l a t i v e l y  h i g h  g a s  f lo w  r a t e s ,  s m a l l  
am oun ts  o f  s o l i d  r e a c t a n t ,  and  low t e m p e r a t u r e s .
T h e  e f f e c t  o f  e x t e r n a l  mass  t r a n s f e r  on  t h e  r e a c t i o n  r a t e  f o r  
t h e  e x p e r i m e n t a l  s y s te m  was i n v e s t i g a t e d  by  e x a m i n in g  a p l o t  o f  kg 
v e r s u s  ( t o t a l  a v a i l a b l e  s u r f a c e  a r e a / g a s  f l o w  r a t e )  f o r  e a c h  t e m p e r a ­
t u r e  i n v e s t i g a t e d .  F o r  a p l o t  o f  t h i s  t y p e ,  k g # a p p r o a c h e s  kg Cg0 
a s  g a s  f l o w  r a t e  a p p r o a c h e s  i n f i n i t y  o r  a s  t h e  t o t a l  a v a i l a b l e  
s u r f a c e  a r e a  d e c r e a s e s  t o  z e r o .  In  b o th  o f  t h e s e  c a s e s  
( t o t a l  a v a i l a b l e  s u r f a c e  a r e a / g a s  f l o w  r a t e )  a p p r o a c h e s  z e r o .
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F i g u r e  VI-1  i s  su ch  a p l o t  f o r  a low ,  i n t e r m e d i a t e ,  and  h i g h  t e m p e r a ­
t u r e .  (The d a t a  f o r  F i g u r e  V I -1  i s  found  i n  T a b l e  V I - I ) .  The  s t r a i g h t  
l i n e s  i n  t h i s  f i g u r e  r e p r e s e n t  a  l i n e a r  l e a s t  s q u a r e  f i t  t o  t h e  
d a t a .  The i n t e r c e p t  o f  t h e s e  l i n e s  i s  an  i n d i c a t i o n  o f  t h e  maximum 
e x p e c t e d  r a t e  c o n s t a n t  a t  an  i n f i n i t e  f lo w  r a t e  o r  an  i n f i n i t e l y  
s m a l l  s o l i d  mass  ( s u r f a c e  a r e a )  w here  t h e r e  i s  no m ass  t r a n s f e r  
r e s i s t a n c e ,  [ I t  i s  r e c o g n i z e d  t h a t  t h e  t r u e  r e l a t i o n s h i p  b e tw e e n
k "  and  ( t o t a l  a v a i l a b l e  s u r f a c e  a r e a / g a s  f lo w  r a t e )  i s  n o t  l i n e a r ,  s
b u t  t h e  l i n e a r  r e l a t i o n  s h o u l d  r e p r e s e n t  a r e a s o n a b l e  e s t i m a t e  o f  t h e  
c a s e  wdiere t h e r e  i s  no m ass  t r a n s f e r  r e s i s t a n c e . ]  I t  c a n  be s e e n  
from  F i g u r e  V I-1  t h a t  e x t e r n a l  m ass  t r a n s f e r  r e s i s t a n c e ,  f o r  t h e  
e x p e r i m e n t a l  d a t a  t a k e n  a t  t h e  h i g h e r  g a s  f l o w  r a t e s ,  i s  i ;m a l l .
S in c e  o n l y  d a t a  t a k e n  a t  low sample  s u r f a c e  a r e a  t o  g a s  f l o w  r a t e  
r a t i o s  h a s  b e e n  u s e d  i n  t h e  s u b s e q u e n t  a n a l y s i s ,  e x t e r n a l  mass  t r a n s ­
f e r  r e s i s t a n c e  h a s  b e e n  i g n o r e d  f o r  t h e  r e m a i n d e r  o f  t h i s  c h a p t e r .
The i n t r i n s i c  r e a c t i o n  r a t e  e x p r e s s i o n  i s  c o n s i d e r e d  t o  be*
As s t a t e d  e a r l i e r  t h e  p r e v i o u s  a n a l y s i s  f o r  e x t e r n a l  mass  t r a n s f e r  
r e s i s t a n c e  i s  o n l y  v a l i d  f o r  f i r s t  o r d e r  r e a c t i o n s ,  N = 1.
E x p e r i m e n t a l  i n i t i a l  r a t e s  f o r  t h e  r e a c t i o n  o f  ZnO t o  ZnS may 
b e  c a l c u l a t e d  by
1 = (dW/dt)o-------------- ( V I - 1 0 )











E s t i m a t e  o f  Maximum A t t a i n a b l e  R a t e  C o n s t a n t  a t  





Sample  S u r f a c e  Area 
Gas  Flow R a t e (min /cm)
F igu re  V I -1 .  E v a lu a t io n  o f  E x tern a l Mass T r a n s f e r  R e s i s t a n c e  f o r
Reagent Grade ZnO Powder Runs.
TABLE V I-I
EVALUATION OF EXTERNAL MASS TRANSFER RESISTANCE FOR REAGENT GRADE ZnO POWDER RUNS
T e m p e r a tu r e  
°C Run Number
k "  x 10s 
{ cm/min)
Gas Flow R ate  
( cm3/m in )  (SIP)
Sample Weight 
(mg)
Sample S u r f a c e  Area 
Gas Flow R ate  
(min/cm)
325 64 6 .16 375 39 .9 3 5 .212
325 67 6 .35 382 38 .14 4 .8 8 7
326 71 11.40 593 29 .44 2 . 4 X
325 86 10.53 689 2 0 .59 1 .463
496 28 25 .39 371 5 4 .0 8 7 .138
496 33 2 1 . X 367 4 2 .0 1 5 .6 0 2
497 36 28 .62 376 4 3 .9 6 5 .724
495 57 21 .96 367 4 7 .6 8 6 .3 6 1
495 58 28.44 375 4 0 .1 6 5 .241
495 76 68.31 930 18.54 0 .9756
495 78 60 .54 1172 19 .48 0 .7 9 5 5
635 63 4 5 .7 2 375 4 3 .0 0 5 .6 1 3
687 80 138.7 1447 19.16 0 .6482




R.  = i n i t i a l  r a t e  -  b e s t  e s t i m a t e  o f  i n t r i n s i c  r a t e  (mg- M
m o le s  HgS/min/cm®)
( d W / d t ) Q = i n i t i a l  r a t e  o f  change  o f  mass  -  s l o p e  o f  l i n e  i n  
F i g u r e  V-2 (mg/mi n)
Wo -  i n i t i a l  mass  o f  ZnO (mg)
As = s p e c i f i c  s u r f a c e  a r e a  o f  ZrlO ( 4 8 . 9 5  cm3/mg)
MWZnS = m o l e c u l a r  w e i g h t  o f  ZnS ( 9 7 . 4 3  mg/mg mole)
^ Z n O  = m o l e c u l a r  w e i g h t  o f  ZnO ( 8 1 . 3 7  mg/mg m o l e ) .
E q u a t i o n  (V I - 1 0 )  was u s e d  t o  e s t i m a t e  i n t r i n s i c  r a t e s  f o r  t h e
HgS-ZnO powder r u n s .  T h e s e  r a t e s  were t h e n  u t i l i z e d  i n  e q u a t i o n
( VI—9) t o  examine  t h e  r a t e  c o n s t a n t ,  kg ,  and t h e  o r d e r  o f  t h e  r e a c t i o n  
w i t h  r e s p e c t  t o  Hs S c o n c e n t r a t i o n ,  N.
The s o l i d  r e a c t a n t  c o n c e n t r a t i o n  t e r m ,  Cg0 » i n  e q u a t i o n  (V I - 9 )  
i s  d e f i n e d  t o  be
c '  = L i z r f i _  (V I-1 1 )
S°  MWZrO
where
= c r y s t a l l i n e  d e n s i t y  o f  ZnO -  a ssu m es  e a c h  g r a i n  h a s  
z e r o  p o r o s i t y  (mg/cm3 )
F = f r a c t i o n a l  p u r i t y  o f  t h e  ZnO sample  ( 1 . 0  f o r  r e a g e n t  
g r a d e  ZrO and 0 .9 4 5 4  f o r  co m m erc ia l  g r a d e . )
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O r d e r  w i t h  R e s p e c t  t o  Gas
T h e  r e a c t i o n  was d e t e r m i n e d  t o  be f i r s t  o r d e r  w i t h  r e s p e c t  t o  
Ha S c o n c e n t r a t i o n  f o r  r e a g e n t  g r a d e  ZnO pow der .  T h a t  1 s t
«A0 = «a "s' c » °  • (VI* 12)
T h u s  t h e  l i n e a r  c o m b i n a t i o n  o f  r e s i s t a n c e s  i n  t h e  e x t e r n a l  mass  t r a n s ­
f e r  a n a l y s i s  o f  t h e  p r e v i o u s  s e c t i o n  i s  v a l i d .
F i g u r e  V I - 2  shows r e s u l t s  o f  r e a c t i o n  o r d e r  d e t e r m i n a t i o n  f o r  
t h e  t e m p e r a t u r e  r a n g e  o f  325°C t o  687°C .  T a b l e  V I - I I  l i s t s  t h e  
n u m e r i c a l  d a t a  f o r  F i g u r e  V I -2  and T a b l e  V I - I I I  sum m arizes  kg v a l u e s  
d e t e r m i n e d  from s l o p e s  o f  l i n e s  i n  F i g u r e  V I -2  a t  v a r i o u s  t e m p e r a t u r e s .
T e m p e r a t u r e  E f f e c t
T h e  r a t e  c o n s t a n t s  d e t e r m i n e d  f rom  e q u a t i o n  ( V I - 1 2 )  w ere  found 
t o  ob ey  t h e  c l a s s i c a l  A r r h e n i u s  r e l a t i o n s h i p
k / _  k e “E^/RT (V I - 1 3 )
S o
w here
k0 = f r e q u e n c y  f a c t o r  (cm*/cj mole  min)
= a c t i v a t i o n  e n e r g y  ( c a l / g  mole)
R = g a s  c o n s t a n t  ( 1 . 9 8 7  c a l /  g mole  °K)
T = a b s o l u t e  t e m p e r a t u r e  ( ° K ) .
D a t a  f rom 32b°C t o  687°C were  u s e d  t o  d e t e r m i n e  t h e  f r e q u e n c y  f a c t o r  



































6 8 10 12 
s  x 10* (mg moles  H3 S/cma )
F i g u r e  V I - 2 .  D e t e r m i n a t i o n  o f  R e a c t i o n  O rd e r  With R e s p e c t  t o  H8S C o n c e n t r a t i o n .
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TABLE V I-II
REACTION RATE DATA FOR REACTION ORDER AND ARRHENIUS PLOTS




C o n c e n t r a t i o n  x 10* 
(mg moles  Ha S/cm3 )
I n i t i a l  R e a c t i o n  
R a te  x 10®
(mg mole HjS/cn^min)
R a te  C o n s t a n t  
x 10*
(cm*/m9 niole min)
R eagen t  Grade  ZnO Powder
326 71 4 .8 9 9 .9 5 1.13 1.66
325 86 7 .0 5 14 .4 1.51 1 .5 3
373 73 3 .80 7 .1 8 1.54 3 .1 2
372 83 6 .3 4 12 .0 2 . X 2 .7 8
371 85 2 .61 4 .9 5 1 .0 3 3 . 0 2
371 88 2 .5 7 4 . 8 6 0 . 7 8 2 .3 3
433 81 5 .2 5 9 .0 6 2 .9 2 4 . 6 8
4 33 82 2.01 3 .46 1 .08 4 .5 4
433 84 3 .1 3 5 .3 9 1 .9 2 5 . 1 8
495 76 3 .17 5 .0 2 3 .4 3 9 .9 2
495- 78 2 .4 8 3 .94 2 .3 8 8 .7 9
593 77 3 .10 4 .3 4 5 .4 8 1 8 .3
597 79 2 .1 2 2 .9 8 2 .7 6 13 .5
637 80 2 .12 2 .7 0 3 .74 20 .1
686 89 3 .30 4 . 1 9 5 ,9 1 2 0 .5
782 87 2 .2 6 2 .6 1 5 .7 5 32 .0
163
TABLE V I-II (continued)
Tem pera tu re
°C Run Number
Mole *  
Hs S
C o n c e n t r a t i o n  x 10* 
(mg moles Ha S/cma )
I n i t i a l  R e a c t io n  
Rate  x 10*
(mg mole Ha S/cm* Min)
Rate  Cons tan t  
x 10* 
(cm*/mg mole min)
Commercial Grade ZnO Powder
495 90 4 . X 6 .8 3 3 .16 7 .10
495 91 4 .41 6 .9 9 3 .80 8.34
596 92 3 .5 8 5.01 2 .2 3 6 ,83
595 95 3 .67 5 .16 3 .97 11.8
686 93 3.21 4 .0 8 3 .63 13.7
686 96 3.26 4 .1 5 4 .01 1 4 .8
783 94 3 .05 3 .53 2 .34 10.2
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TABLE V I - I I I
RATE CONSTANTS DETERMINED FROM REACTION 
ORDER PLOT
T e m p e r a t u r e
(°c)
S lope  
( -  a A k s'  Cs0 x 10s ) 
( cm/min)
R a t e  C o n s t a n t  
( k g  x 10*) 
(cm*/mg mole min)
326 1.08 1 .5 6
372 1 .9 5 2.83
433 3 .2 9 4.78
495 6 . 5 3 9.47
598 1 1 .5 16.8
687 1 4 .0 2 0 . 4
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T h e  A r r h e n i u s  e x p r e s s i o n  d e r i v e d  from t h e  l e a s t - s q u a r e s  a n a l y s i s  
f o r  t h e  powdered r e a g e n t  g r a d e  ZnO was
k '  = 0 . 0 9 4 b 8  e -7 2 3 6 ^ T . ( V I - 14)
T h i s  e x p r e s s i o n  and t h e  d a t a  u sed  t o  d e r i v e  i t  a r e  shown g r a p h i c a l l y  
i n  F i g u r e  V I - 3 .  The f r e q u e n c y  f a c t o r  c o r r e s p o n d s  t o  t h e  i n t e r c e p t  
o f  t h i s  e x p r e s s i o n  and t h e  a c t i v a t i o n  e n e r g y  c o r r e s p o n d s  t o  t h e  s l o p e .  
The  d a t a  f o r  F i g u r e  V I - 3  i s  shown i n  T a b l e  V I - I I .
H loh  T e m p e r a t u r e  P ro b lem s
A u n i q u e  p ro b le m  p l a g u e d  a t t e m p t s  t o  p r o d u c e  d a t a  f o r  t h e  H3 S- 
ZnO r e a c t i o n  i n  t h e  t e m p e r a t u r e  r a n g e  780°C t o  800°C. A p o a r e n t l y  
some d e c o m p o s i t i o n  o f  ZnO t o  Zn v a p o r  and Oa o c c u r s  a t  t h e s e  t em ­
p e r a t u r e s .  ( I t  i s  b e l i e v e d  t h a t  d e c o m p o s i t i o n  o f  ZnO i s  t h e  
mechanism  and n o t  r e d u c t i o n  o f  ZnO by  Ha s i n c e  t h e  phenomena o c c u r s  
i n  a Na e n v i r o n m e n t  as  w e l l  a s  t h e  Ha /N # e n v i r o n m e n t . )  T h i s  decom­
p o s i t i o n  and s u b s e q u e n t  v a p o r  p h ase  r e a c t i o n  a p p e a r  t o  be  h i g h l y  
d e p e n d e n t  on t e m p e r a t u r e .  A change  o f  a few d e g r e e s  l e a d s  t o  w i d e l y  
v a r y i n g  r a t e  m e a s u r e m e n t s .  At t h e  b e g i n n i n g  o f  a r u n  n e a r  800°C, 
t h e  ZrO sample  would  a p p a r e n t l y  l o s e  w e i g h t  b e f o r e  b e g i n n i n g  t o  
r e a c t .  The r e a c t i o n  would  t h e n  o c c u r  v e r y  r a p i d l y  and r e a c h  com ple ­
t i o n  a t  a t o t a l  w e ig h t  g a i n  l e s s  t h a n  t h a t  p r e d i c t e d  from s t o i c h i o m e t r y  
and  t h e  o r i g i n a l  w e i g h t  m e a s u re m e n t .  I n s p e c t i o n  o f  t h e  sample  pan  
a f t e r  t h e  r e a c t i o n  r e v e a l e d  t h e  p r e s e n c e  o f  c r y s t a l  f o r m a t i o n ,  





























7 0 . 0
5 0 . 0
4 0 . 0
k 7 = 0 . 0 9 4 5 8  e " 7236^ T 
s
( E q u a t i o n  V I -1 1 )







2.0 ©  R a te  C o n s t a n t  f o r  Runs w i t h  
R e a g e n t  Grade  ZnO
1.0
0 . 9  1 .0  1 .1 1 .71 . 2 1 .5 .61 . 3
( ioooA ° k )
F i g u r e  V I - 3 .  A r r h e n i u s  Dependence  o f  Rate C o n s t a n t  f o r  R eag en t  
Grade  ZnO P o w d ers .
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r e a c t i o n  tu b e *  i n  a  c o o l e r  p a r t  o f  t h e  v e s s e l ,  t h e r e  was a m e t a l l i c  
p l a t i n g .  T h i s  was t h o u g h t  t o  be z i n c .  E q u i l i b r i u m  c a l c u l a t i o n s  
w i t h  t h e  f r e e  e n e r g y  m i n i m i z a t i o n  c o m p u te r  p rog ram  m e n t i o n e d  i n  
C h a p t e r  V r e v e a l e d  t h a t  Zn v a p o r  i n c r e a s e d  from l e s s  t h a n  0 . 2  ppm
a t  750°C t o  o v e r  25 ppm a t  800°C.
T h e r e  i s  p r e c e d e n t  i n  t h e  l i t e r a t u r e  f o r  t h i s  t y p e  o f  r e a c t i o n  
mechanism c h a n g e .  B e v e r i d g e  (2 )  r e p o r t e d  t h e  v a p o r i z a t i o n  o f  Zn 
i n  t h e  o x i d a t i o n  o f  ZnS t o  ZnO. He r e p o r t e d  t h e  v a p o r  p h a se  mechanism 
a s  f i r s t  becom ing  n o t i c e a b l e  a t  1050°C. The  v a p o r i z a t i o n  o c c u r r e d  
i n  a n i t r o g e n  e n v i r o n m e n t  a s  w e l l  a s  i n  t h e  r e a c t i o n  e n v i r o n m e n t .
T h i s  was a l s o  t r u e  i n  t h e  c u r r e n t  e x p e r i m e n t a l  work .
One e x p e r i m e n t a l  r u n ,  number 8 7 ,  a t  782°C i s  r e p o r t e d .  The r a t e  
c o n s t a n t  f o r  t h i s  r u n ,  a s  shown i n  F i g u r e  V I - 4 ,  a g r e e d  r e a s o n a b l y  w e l l  
w i t h  e q u a t i o n  ( V I - 1 1 ) ,  t h e  A r r h e n i u s  e x p r e s s i o n  d e r i v e d  f o r  t h e  low er  
t e m p e r a t u r e  r u n s .
As e x p l a i n e d  i n  C h a p t e r  V, t h e  t h e r m o c o u p l e s  u s e d  i n  c o n t r o l l i n g  
t h e  t e m p e r a t u r e  o f  t h e  r e a c t i o n  e n v i r o n m e n t  u n d e r w e n t  c o r r o s i o n  and 
had  t o  be  r e p l a c e d  a t  i n t e r v a l s .  D e v i a t i o n s  b e tw e e n  t h e  s o t  p o i n t  
and r e c o r d e r  t h e r m o c o u p l e s  i n c r e a s e d  a s  t h e  t h e r m o c o u p l e s  c o r r o d e d ,  
i n d i c a t i n g  a g r e a t e r  u n c e r t a i n t y  i n  t h e  t e m p e r a t u r e  o f  t h e  r e a c t i o n  
e n v i r o n m e n t .
Run number 87 was p e r f o r m e d  w i t h  f a i r l y  new and t h e r e f o r e  
l i t t l e  c o r r o d e d  t h e r m o c o u p l e s  which  a l l o w e d  good t e m p e r a t u r e  c o n t r o l .  
S u b s e q u e n t  r u n s  a t  t h i s  t e m p e r a t u r e  were  p e r f o r m e d  w i t h  h i g h l y  






























7 0 . 0
5 0 . 0
4 0 . 0
3 0 . 0
0 . 0 9 4 5 8  e _7236/RT 






O  R ate  C o n s t a n t  f o r  High T e m p e r a t u r e  
Run w i t h  R ea g e n t  G rade  ZnO
2 .0
1 .0
0 , 9  1 . 0 1 .1  1 . 2  1 . 3  1 .4  1 . 5  ] . 6 1 . 7
(1000/T°K)
F i g u r e  V I - 4 .  C o m p a r i so n  o f  High T e m p e r a t u r e  R a t e  C o n s t a n t  w i t h
A r r h e n i u s  E q u a t i o n  D e r i v e d  from Lower T e m p e r a t u r e s .
170
c o n t r o l  o f  t h e  r e a c t o r .  Run number 87 d i d  n o t  show any o f  t h e  
e x p e r i m e n t a l  e v i d e n c e  o f  t h e  v a p o r  p h a se  m echanism ,  w h i l e  a l l  l a t e r  
r u n s  a t  t h i s  t e m p e r a t u r e  d i d .  I t  i s  b e l i e v e d  t h a t  r u n  number 87 
i s  i n d i c a t i v e  o f  t h e  t r u e  s o l i d - g a s  r e a c t i o n  mechanism,  w h i l e  t h e  
l a t e r  r u n s  a t  t h i s  t e m p e r a t u r e  e x p e r i e n c e d  a v a p o r  p h a s e  r e a c t i o n .
Run number 87 was n o t  u s e d  i n  t h e  A r r h e n i u s  a n a l y s i s  s i n c e  t h e  
p r e v i o u s  d i s c u s s i o n  c o u l d  n o t  be v e r i f i e d  and b e c a u s e  o f  t h e  u n c e r ­
t a i n t y  o f  e x a c t l y  where  t h e  v a p o r  p h a se  r e a c t i o n  mechanism becomes 
i m p o r t a n t .
Commerc ia l  Powder Runs
O n ly  s e v e n  r u n s  w i t h  co m m erc ia l  g r a d e  ZnO powder were  p e r f o r m e d .
T h e  p u r p o s e  o f  t h e s e  r u n s  was t o  v e r i f y  t h a t  t h e r e  were  no m a jo r
r a t e  d i f f e r e n c e s  b e tw e e n  t h e  r e a g e n t  g r a d e  ZnO and t h e  co m m erc ia l  
g r a d e  ZnO pow der .  The r a t e  c o n s t a n t s  d e r i v e d  from t h i s  d a t a  a r e  
compared  t o  e q u a t i o n  ( V I - 1 4 ) ,  t h e  A r r h e n i u s  e x p r e s s i o n  f o r  t h e  
r e a g e n t  g r a d e  ZnO, i n  F i g u r e  V I - 5 .  (Com m erc ia l  g r a d e  powder r a t e  
d a t a  a r e  found  i n  T a b l e  V I - I I  w i t h  t h e  d a t a  from t h e  r e a g e n t  g r a d e  
p o w d e r . )  The  r a t e  c o n s t a n t s  a t  495°C a g r e e d  f a i r l y  w e l l  w i t h  t h e  
p r e d i c t e d  A r r h e n i u s  e x p r e s s i o n  a l t h o u g h  t h e  v a l u e s  were  s l i g h t l y  
l o w e r .  At h i g h e r  t e m p e r a t u r e s  t h e  r a t e  c o n s t a n t s  f o r  t h e  co m m erc ia l  
g r a d e  powder were  l o w e r  t h a n  p r e d i c t e d  by  t h e  A r r h e n i u s  e q u a t i o n .
T h e  c o m m e rc i a l  g r a d e  powder  had  a much h i g h e r  s u r f a c e  a r e a  t h a n
t h e  r e a g e n t  g r a d e  po w d er ,  ( 1 1 . 7 2  ma / g  t o  4 . 8 9 5  n ^ / g ) .  I t  i s  b e l i e v e d
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R a t e  C o n s t a n t s  f o r  C om m erc ia l  
G rade  ZnO Runs
2.0
1.0
0 . 9  1 . 0  1 . 1  1 . 2  1 . 3  1 . 4  1 . 5  1 .6  1 . 7
( ioooA ° k )
F i g u r e  V l - 5 .  C o m p a r i so n  o f  R a t e  C o n s t a n t s  f o r  Com m erc ia l  Grade  
ZnO w i t h  A r r h e n i u s  E q u a t i o n  D e r i v e d  from R ea q e n t  
G rade  ZnO.
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more  s u s c e p t a b l e  t o  s i n t e r i n g  and l o s s  o f  s u r f a c e  a r e a  a t  h i g h  t e m p e r a  
t u r e s  t h a n  t h e  r e a g e n t  g r a d e  powder* R e a c t i o n  r a t e s  were  b a s e d  on  
t h e  s u r f a c e  a r e a  m e a s u re d  b e f o r e  t h e  r u n .  Any s i n t e r i n g  d u r i n g  p r e -  
r u n  " h e a t - u p "  and d u r i n g  t h e  r u n  would  c a u s e  a  l o s s  o f  a r e a  a v a i l a b l e  
f o r  r e a c t i o n ,  t h u s  y i e l d i n g  an a p p a r e n t  l o w e r  r e a c t i o n  r a t e .
The s u r f a c e  a r e a  m e a s u re m e n ts  o f  t h e  co m m e rc ia l  g r a d e  powder were  
made a f t e r  a 2 4 - h o u r  p r e t r e a t m e n t  a t  500°C t o  remove b i n d e r  m a t e r i a l .  
P r e s u m a b l y  most o f  t h e  s i n t e r i n g  a t  500°C would have  o c c u r r e d  d u r i n g  
p r e t r e a t m e n t  and t h e  few e x t r a  m i n u t e s  a t  t e m p e r a t u r e  d u r i n g  a r u n  
n e a r  500°C would  h ave  l i t t l e  a d d i t i o n a l  e f f e c t .  T h i s  would  e x p l a i n  
t h e  c l o s e  a g re e m e n t  i n  r e a c t i o n  r a t e  c o n s t a n t s  f o r  t h e  tw o  t y p e s  o f  
pow der  a t  495°C ,  b u t  t h e  a p p a r e n t  l o w e r  r a t e  c o n s t a n t s  f o r  t h e  commer­
c i a l  g r a d e  powder  a t  t h e  h i g h e r  t e m p e r a t u r e s .
A n o t h e r  p o t e n t i a l  e x p l a n a t i o n  f o r  t h e  a p p a r e n t  lo w e r  r e a c t i o n  
r a t e s  o f  t h e  c o m m erc ia l  g r a d e  powder a t  h i g h  t e m p e r a t u r e s  i s  a 
g r e a t e r  mass  t r a n s f e r  r e s i s t a n c e .  The much h i g h e r  s u r f a c e  a r e a  o f  
t h e  co m m e rc ia l  g r a d e  ZnO r e s u l t e d  i n  a much more  r a p i d  c o n v e r s i o n  t o  
ZnS.  I t  i s  p o s s i b l e  t h a t  t h i s  g r e a t e r  c o n s u m p t io n  o f  HaS in d u c e d  
e x t e r n a l  mass  t r a n s f e r  r e s i s t a n c e  and lo w e re d  t h e  a p p a r e n t  r a t e  
c o n s t a n t s .  The b e h a v i o r  o f  t h e s e  a p p a r e n t  r a t e  c o n s t a n t s  was c o n ­
s i s t e n t  w i t h  m ass  t r a n s f e r  becom ing  a s i g n i f i c a n t  r e s i s t a n c e  a s  
t e m p e r a t u r e  i n c r e a s e d .  However ,  a s  can  be  s e e n  i n  T a b l e  V I - I V ,  t h e  
s a m p le  s u r f a c e  a r e a  t o  g a s  f l o w  r a t e  r a t i o ,  a l t h o u g h  n o t  a s  s m a l l  a s  
i n  some o f  t h e  r e a g e n t  g r a d e  ZnO r u n s ,  was p r o b a b l y  n o t  s u f f i c i e n t l y  
d i f f e r e n t  t o  a c c o u n t  f o r  t h e  d i s c r e p a n c i e s  i n  t h e  r e a c t i o n  r a t e  
c o n s t a n t s .
TABLE V I-IV
EVALUATION OF EXTERNAL MASS TRANSFER RESISTANCE FOR 
COMMERCIAL GRADE ZrtO POWDER RUNS
T em p g ra tu re
Run Number
k "  x 10s  
(cm/min)
Gas Flow R a t e  
( cn^ /m in)  ( STP)
Sample Weight 
(mg)
Sample S u r f a c e  Area 
Gas Flow R a te  
(min/cm)
495 9C 4 6 .2 7 996 2 2 .71 2 .672
495 91 54 .35 1002 18.24 2 .1 3 3
596 92 4 4 .5 1 1233 2 2 .9 8 2 .184
595 95 77.09 1233 10.56 1.004
686 93 8 8 . % 1368 2 0 .4 3 1.750
686 96 9 6 .6 5 1374 9 .3 1 0 .7 9 4





I t  i s  l i k e l y  t h a t  b o t h  m echan ism s  d i s c u s s e d ,  s i n t e r i n g  and 
i n c r e a s e d  mass  t r a n s f e r  r e s i s t a n c e ,  c o n t r i b u t e d  t o  t h e  o b s e r v e d  lo w e r  
r a t e s  f o r  t h e  co m m erc ia l  g r a d e  ZnO powder a t  h i g h  t e m p e r a t u r e s .
Even th o u g h  t h e  r a t e  c o n s t a n t s  f o r  t h e  co m m e rc ia l  g r a d e  powder 
a p p e a r  t o  be  l e s s  t h a n  t h o s e  f o r  t h e  r e a g e n t  g r a d e  pow der ,  i t  i s  
b e l i e v e d  t h a t  t h e  d i f f e r e n c e  i s  n o t  s i g n i f i c a n t  and c a n  be  e x p l a i n e d  
b y  t h e  m e ch a n ism s ,  s i n t e r i n g  and i n c r e a s e d  m ass  t r a n s f e r  r e s i s t a n c e .  
The A r r h e n i u s  r e l a t i o n s h i p  d e v e l o p e d  f o r  t h e  r e a g e n t  g r a d e  ZnO 
i s  u s e d  a s  t h e  " t r u e "  A r r h e n i u s  e x p r e s s i o n .
S t o i c h i o m e t r y
A n o th e r  m e thod  o f  a s c e r t a i n i n g  t h e  s t o i c h i o m e t r y  o f  t h e  r e a c t i o n s  
i n  t h e  c u r r e n t  s t u d y ,  b e s i d e s  t h e  x - r a y  a n a l y s i s ,  l i t e r a t u r e  v e r i f i ­
c a t i o n ,  and e q u i l i b r i u m  c a l c u l a t i o n s  p e r f o r m e d ,  was t o  o b s e r v e  
t h e  w e ig h t  change  a t  c o m p le t e  c o n v e r s i o n .
T h e  e q u a t i o n  u s e d  t o  v e r i f y  t h e  s t o i c h i o m e t r y  o f  t h e  r e a c t i o n  
o f  ZnO t o  ZnS was
r  M W znS^ZnO  1 ( „ _ 1 5 )
" o  I  MWZn0 J
w here
x ~  f r a c t i o n a l  c o n v e r s i o n  
W = m ass  o f  r e a c t i n g  s am p le .
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I f  t h e  assumed s t o i c h i o m e t r y  I s  c o r r e c t , t h e n  t h e  m e a s u re d  f i n a l  
w e i g h t  s h o u l d  a g r e e  w i t h  t h e  w e i g h t  c a l c u l a t e d  b y  e q u a t i o n  ( V I - 1 5 )  
a t  x -  1 .  The  m a j o r i t y  o f  t h e  r u n s  were  s t o p p e d  b e f o r e  c o m p l e t i o n  
i n  a n  e f f o r t  t o  im prove  " t u r n - a r o u n d "  t i m e  f o r  e a c h  e x p e r i m e n t .  
H ow ever ,  f o r  t h e  few e x p e r i m e n t s  w hich  were a l l o w e d  t o  go t o  com­
p l e t i o n ,  t h e  f i n a l  w e i g h t  m e a s u re d  d i d  a p p r o a c h  t h e  w e i g h t  c a l c u l a t e d  
b y  e q u a t i o n  ( V I - 1 5 ) .
No r u n s  u t i l i z i n g  CDS and powdered ZrtO h ave  b e e n  p r e s e n t e d  
b e c a u s e  o f  t h e  e x p e r i m e n t a l  p ro b le m s  d i s c u s s e d  i n  C h a p t e r  V. S e v e r a l  
r u n s  were p e r f o r m e d ,  h o w ev er ,  and t h e  r e s u l t i n g  c o n v e r s i o n s  were  c o n ­
s i s t e n t  w i t h  a ZnS p r o d u c t  a f t e r  a l l o w a n c e  was made f o r  a s m a l l  amount 
o f  s u l f i d i n g  o f  t h e  sample  h o l d e r .
C o n c l u s i o n
The  p r i m a r y  p u r p o s e  o f  t h e  ZnO powder r u n s  was t o  p r o v i d e  an  
i n d e p e n d e n t  e s t i m a t e  o f  t h e  i n t r i n s i c  r e a c t i o n  r a t e  e x p r e s s i o n  a s  a 
f u n c t i o n  o f  b o t h  c o n c e n t r a t i o n  and t e m p e r a t u r e .  T h i s  e s t i m a t e  was 
u s e d  i n  t h e  m o d e l in g  e f f o r t s  w i t h  ZnO s p h e r e s .  The r e s u l t s  a r e  
c o n s i s t e n t  w i t h  t h o s e  n o r m a l l y  found i n  t h e  l i t e r a t u r e .  T h a t  i s ,  
a f i r s t  o r d e r  r e a c t i o n  w i t h  r e s p e c t  t o  g a s  c o n c e n t r a t i o n  and an 
A r r h e n i u s  r e l a t i o n s h i p  w i t h  t e m p e r a t u r e  were  v e r i f i e d .
The  v a l u e  d e r i v e d  f o r  t h e  a c t i v a t i o n  e n e r g y  i n  t h e  A r r h e n i u s  
r e l a t i o n s h i p ,  7 ,2 3 6  c a l / g  m o l e ,  seems t o  be low. However,  o t h e r  
r e s e a r c h e r s  have  a l s o  r e p o r t e d  a c t i v a t i o n  e n e r g i e s  o f  t h i s  m a g n i t u d e .  
W es tm o re lan d  (3 )  r e p o r t e d  a c t i v a t i o n  e n e r g i e s  o f  5690 c a l / g  mole  and
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6160  c a l / g  mole  f o r  t h e  r e a c t i o n s  o f  Ha S w i t h  MrO and CaO, r e s p e c ­
t i v e l y .  C o s t a  ( 4 )  r e p o r t e d  an  a c t i v a t e d  e n e r g y  o f  6070 c a i / g  m ole  
f o r  h i s  work  w i t h  t h e  h y d r o f l u o r i n a t i o n  o f  u r a n iu m  d i o x i d e  and i n  
h i s  l i t e r a t u r e  s u r v e y  he  c i t e d  numerous  e x a m p l e s  o f  a c t i v a t i o n  
e n e r g i e s  r a n g i n g  from a low o f  3 ,9 0 0  t o  12 ,800  c a l / g  m o le .  Thus  
a c t i v a t i o n  e n e r g i e s  o f  t h e  m a g n i t u d e  o f  t h e  one r e p o r t e d  i n  t h i s  
w ork  a r e  r e a s o n a b l e .
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CHAPTER V II
EXPERIMENTAL AND MODELING RESULTS WITH SPHERICAL
ZINC OXIDE PARTICLES
The m a j o r i t y  o f  t h e  e x p e r i m e n t a l  p ro g ram  s t u d i e d  t h e  r e a c t i o n s  
b e tw e e n  s p h e r i c a l  ZnO p a r t i c l e s  and Ha S and COS. A l l  o f  t h e  m o d e l ­
i n g  e f f o r t s  were  b a s e d  on  t h e s e  e x p e r i m e n t a l  r e s u l t s .  S p e c i f i c  
r e a c t i o n s  s t u d i e d  were
Ha s ( g )  + Zn0( s )  ^  Ha ° ( g )  + 2 n S ( s )  { l " 6 )
CGS( g )  + ZnO( s )  -  C0a ( g )  + ZnS( s )  ( 1 - 7 )
Ha s ( g ) + c o s {g ) +2Zr i0( s )  -  Hs ° ( g )  + C0a ( g )  + 2 Z n S ( s )  •
M a t e r i a l s  and p r o c e d u r e s  u s e d  were  t h o s e  d e s c r i b e d  i n  C h a p t e r  V.
The p r i m a r y  p u r p o s e  o f  t h e s e  e x p e r i m e n t s  was t o  o b t a i n  k i n e t i c  
i n f o r m a t i o n  f o r  t h e  p r e c e d i n g  r e a c t i o n s  a t  e l e v a t e d  t e m p e r a t u r e ,  
a n a l y z e  t h a t  i n f o r m a t i o n ,  and d e s c r i b e  t h e  r e a c t i o n s  w i t h  a k i n e t i c  
m o d e l .  A n o th e r  o b j e c t i v e  was t o  p r o v i d e  an e x p e r i m e n t a l  b a s e  upon 
wh*ch t o  compare  t h e  t h r e e  n o n c a t a l y t i c  s o l i d - g a s  r e a c t i o n  m o d e ls  
p r e s e n t e d  i n  C h a p t e r  I I I ,
The f o l l o w i n g  d i s c u s s i o n  i s  b r o k e n  i n t o  two s e c t i o n s .  The f i r s t  
p e r t a i n s  p r i m a r i l y  t o  e x p e r i m e n t a l  r e s u l t s .  I t e m s  d i s c u s s e d  i n c l u d e  
t i m e - c o n v e r s i o n  d a t a  f o r  t h e  d i f f e r e n t  c o n d i t i o n s  s t u d i e d ,  an  a n a l y s i s  
o f  h e a t  and m ass  t r a n s p o r t  e f f e c t s ,  s p e c i a l  p r o b le m s  e n c o u n t e r e d  a t
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v e r y  h i g h  t e m p e r a t u r e s ,  and p h o t o g r a p h i c  r e s u l t s  f rom  t h e  s c a n n i n g  
e l e c t r o n  m i c r o s c o p e  and e l e c t r o n  m i c r o p r o b e  s t u d i e s .
The s eco n d  s e c t i o n  d i s c u s s e s  t h e  m a t h e m a t i c a l  m o d e l in g  e f f o r t s .  
F i r s t ,  t h e  i n i t i a l  r a t e  d a t a  i s  a p p l i e d  t o  t h e  u n r e a c t e d  c o r e  model 
t o  o b t a i n  an  e s t i m a t e  o f  t h e  i n t r i n s i c  r a t e  o f  t h e  r e a c t i o n  o f  ZnO 
w i t h  COS, U s in g  t h i s  i n t r i n s i c  r a t e  e x p r e s s i o n  f o r  t h e  COS/ZnO 
r e a c t i o n  and  t h e  c o m p a r a b le  r a t e  e x p r e s s i o n  f o r  t h e  Ha S/ZnO r e a c t i o n  
d e r i v e d  from t h e  powder  e x p e r i m e n t s  ( C h a p t e r  V I ) ,  t h e  u n r e a c t e d  c o r e ,  
v o l u m e t r i c ,  and g r a i n  m o d e ls  a r e  c o m p ared .  The e f f e c t s  o f  v a r y i n g  
t h e  p a r a m e t e r s  o f  t h e s e  m ode ls  a r e  a l s o  i n v e s t i g a t e d .
E x p e r i m e n t a l  R e s u l t s
The r e s u l t s  o f  t h e  e x p e r i m e n t a l  r u n s  w i t h  s p h e r i c a l  ZnO p a r t i c l e s  
and Ha S ,  COS, and Hs S p l u s  COS a r e  p r e s e n t e d  i n  t h i s  s e c t i o n .  The 
e f f e c t  o f  t e m p e r a t u r e ,  c o n c e n t r a t i o n , a n d  f lo w  r a t e  o f  t h e  g a s  s p e c i e s  
on  i n i t i a l  r a t e  and c o n v e r s i o n  a r e  r e p o r t e d .  A lso  d i s c u s s e d  i s  an 
u n e x p e c t e d  phenomena which  o c c u r r e d  i n  s e v e r a l  r u n s .  Fo r  a g i v e n  
s u l f u r  c o n c e n t r a t i o n  i n  t h e  b u l k  g a s  p h a s e ,  t h e  g l o b a l  r e a c t i o n  r a t e  
f o r  t h e  r u n s  w h ich  i n c l u d e d  b o t h  Ha S and COS was f a s t e r  t h a n  t h e  r a t e  
w i t h  e i t h e r  g a s  s i n g l y .  ( I t  was l a t e r  d e m o n s t r a t e d ,  w i t h  t h e  a i d  o f  
t h e  m a t h e m a t i c a l  m o d e l s ,  t h a t  t h i s  was due  t o  t h e  d i f f e r e n t  p r o p e r t i e s  
o f  t h e  p e l l e t s  u s e d  i n  t h e  r u n s . )  R e s u l t s  o f  t h e  i n v e s t i g a t i o n  i n t o  
t h e  maximum t e m p e r a t u r e  r i s e  f o r  t h e  e x p e r i m e n t s  w i t h  o n l y  one r e a c t a n t  
g a s  a r e  t h e n  p r e s e n t e d .
As i n  t h e  r u n s  w i t h  H#S and ZnO powder r e p o r t e d  i n  C h a p t e r  VI ,  
s p e c i a l  p ro b le m s  w ere  e n c o u n t e r e d  when t h e  t e m p e r a t u r e  a p p ro a c h e d  
800°C.  T h e s e  p r o b le m s  a r e  i l l u s t r a t e d  w i t h  t h e  a i d  o f  two e x p e r i m e n t s
180
I n  w h ich  t h e  t e m p e r a t u r e  was v a r i e d  d u r i n g  t h e  r u n .  The s e c t i o n  i s  
c o n c l u d e d  w i t h  m i c r o p h o t o g r a p h s  and e l e c t r o n  m i c r o p r o b e  s c a n s  which  
g i v e  e v i d e n c e  o f  a  r e a c t i o n  f r o n t  mechanism f o r  t h e  r e a c t i o n  o f  Ha S 
and ZnO and show t h e  f o r m a t i o n  o f  a low p o r o s i t y  l a y e r  on t h e  s u r f a c e  
o f  a p a r t i c l e  w hich  r e a c t e d  n e a r  800°C.  D e t a i l e d  raw d a t a  f o r  a l l  t h e  
r u n s  d i s c u s s e d  i n  t h i s  c h a p t e r  c an  be  found i n  A ppendix  A.
T h e r e  i s  a g r e a t  d e a l  o f  s c a t t e r  i n  t h e  d a t a  p r e s e n t e d .  Some 
s c a t t e r  i s  i n h e r e n t  t o  k i n e t i c  s t u d i e s .  The r e s t  c an  be e x p l a i n e d  by 
t h e  v a r i a t i o n  i n  ZnO p h y s i c a l  p r o p e r t i e s  from p e l l e t  t o  p e l l e t  and 
t h e  f a c t  t h a t  b o t h  r e a c t a n t  g a s e s  a r e  e x t r e m e l y  d i f f i c u l t  t o  work 
w i t h .  B o th  HttS and  COS a r e  v e r y  c o r r o s i v e  and COS, a s  d i s c u s s e d  i n  
C h a p t e r  V, i s  h i g h l y  u n s t a b l e  a t  t h e  t e m p e r a t u r e s  and p a r t i a l  p r e s s u r e s  
u s e d  i n  t h i s  work .  Hydrogen  s u l f i d e  a l s o  e x h i b i t e d  some i n s t a b i l i t y ,  
b u t  t o  a  much l o w e r  d e g r e e  t h a n  COS. Hydrogen s u l f i d e  r e q u i r e d  Ha 
and COS r e q u i r e d  b o t h  CO and C0a t o  l i m i t  d e c o m p o s i t i o n  i n  t h e  r e a c t i o n  
e n v i r o n m e n t .
T e m p e r a t u r e ,  r e a c t a n t  g a s  c o n c e n t r a t i o n ,  and f l o w  r a t e  e f f e c t s *
The e f f e c t s  o f  t e m p e r a t u r e ,  r e a c t a n t  ga s  c o n c e n t r a t i o n ,  and t o t a l  g a s  
f l o w  r a t e s  f o r  t h e  r e a c t i o n s  ( 1 - 6 ) ,  ( 1 - 7 ) ,  and ( 1 —8) a r e  p r e s e n t e d  i n  
t h i s  s e c t i o n .  T e m p e r a t u r e  and r e a c t a n t  g a s  c o n c e n t r a t i o n  e f f e c t s  a r e  
d i s c u s s e d  a s  t h e y  p e r t a i n  b o t h  t o  i n i t i a l  and d e v e l o p e d  ( t i m e - c o n v e r s i o n )  
r a t e  d a t a .  The e f f e c t  o f  t o t a l  g a s  f l o w  r a t e  i s  d i s c u s s e d  s e p a r a t e l y  
a t  t h e  end  o f  t h i s  s e c t i o n .
I n i t i t a l  R a te  D a ta*  The e x p e r i m e n t a l  r a t e  d a t a  f o r  t h e  t h r e e  
r e a c t i o n s  a r e  summarized  i n  T a b l e s  V I I - I ,  V I I - I I ,  and V I I - I I I *  The
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0,20 0.50 0.80  
Time Time Time 
(mi n) (ndn) (min) Conversion
Time
(■in)
375 148 0.128 1.0 1.87 1494 0.279 10.7 m — ^ — — — .36 44
376 150 0.133 1.0 1.87 1499 0.133 10.9 — - — .43 260
376 149 0.154 2.0 3.75 1503 0.663 8.5 — — .40 100
373 108 0.151 4.1 7.78 811 1.020 10.3 — .39 250
439 151 0.137 1.0 1.70 1499 0,372 8.8 108 — .51 120
439 152 0.134 2.0 3.41 1504 0.333 5 .2 79 .52 120
433 107 0.140 4 .2 7.20 810 0.940 3.0 - - - .47 90
501 147 0.136 1.0 1.57 1495 0.243 11.6 70 — .65 180
498 146 0.129 2.0 3.16 1501 0.590 5.5 39 — .64 160
496 99 0.129 4.1 6.43 812 0.350 2.9 32 ___ .70 270
605 154 0.132 1.0 1.38 1498 0.280 7.3 34 105 .89 180
600 145 0.136 2.0 2.80 1497 0.460 5 .3 28 97 .83 120
597 104 0.138 2.5 3.48 735 0.632 3.9 18 56 .91 149
597 98 0.149 4.0 5.58 811 1.232 2.2 11 34 .92 90
597 105 0.159 4.1 5.72 407 1.316 2.3 9 .2 27 .94 79
597 106 0.139 4.2 5.84 203 0.940 2.1 6 .7 21 .89 120
597 144 0.140 4 .0 5.58 1502 1.252 1.9 14 51 .87 120

























0.20 0.50 0.80  
Time Time Time 
(min) (min) (rain) Conversion
Time
(■in)
693 155 0.142 1.0 1.25 1498 0.410 5 .3 24 81 .88 140
692 153 0.132 2.0 2.52 1502 0.554 3.1 15 43 .90 70
686 100 0.139 4.1 5.18 814 1.116 1.6 6 .7 19 .95 40
686 102 0.136 4.1 5.17 813 1.222 1.5 6 .3 18 .94 50
696 173* 0.132 4 .0 5.02 1503 1.440 1.3 — — .43 4
695 174* 0.140 4 .0 5.02 1503 2.120 1.0 5 .2 - - - .79 16
789 156 0.149 2.0 2.29 1503 -0 - — — — -0 -
786 101 0.142 4 .2 4.79 818 1.042 6 .9 .22 29
*Run in ten tion a lly  aborted in  order to  have ZnO/ZnS p a rtic les  for electron  microscope and scanning x-ray d iffra ctio n  
stu d ies .
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Concentration Gas Flow 
CA x 10* /  cma\
(mg moles/cm3) ^min^







0.20  0.50 0.00  





370 143 0.132 1.0 1.90 1494 0.566 3.7 m — m .47 225
371 141 0.143 2.0 3.80 1500 0.600 4 .3 ---- — .41 150
373 127 0.138 4.0 7 .50 1499 0.147 22 - - - .22 30
431 142 0.132 1.0 1.73 1494 0.586 3 .2 33 ---- .60 100
432 139 0.150 2.0 3.47 1499 0.954 3.6 — — .47 75
433 133 0.151 4 .0 6.85 1499 0.430 7.7 - - - .44 225
494 140 0.136 1.0 1.59 1496 0.660 3 .5 22 ---- .70 100
496 137 0.134 2.6 4.08 1169 0.588 3.5 31 — .72 300
495 129 0.145 4 .0 6.29 1501 0.876 3.3 — — .45 30
497 130 0.135 4 .0 6 .28 1499 0.644 3.0 38 .66 200
595 138 0.132 1.0 1.40 1495 0.400 4 .4 19 56 .95 150
590 135 0.155 2.0 2.81 1500 0.642 5 .5 32 125 .92 300
600 126 0.145 4 .0 5.54 1500 0.575 3.7 19 113 .85 160
667 136 0.149 1.0 1.27 1495 0.410 6 .9 29 84 .91 125
607 132 0.140 2.0 2.55 1503 1.840 1.2 3.9 9.1 .93 20
689 125 0.146 4 .0 5.03 1500 1.242 2.0 9.6 26 .98 60
785 134 0.152 1.0 1.15 1495 0.450 — — — .05 9
786 128 0.145 2.0 2.31 1503 0.694 15 — — .21 26
785 131 0.133 2.0 2.31 1501 1.020 — — — .09 6
786 124 0.147 4 .0 4 .57 1499 1.758 1.4 6 .2 18 .96 40 183
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0.20 0.50 0.80  
Time Tine Time 
(min) (min) (min) Conversion
Tine
(nln)
378 163 0.128 1.0 1.0 1.86 1.86 1502 0.850 3.5 _ _ ^ .38 18
380 165 0.135 2,0 2.0 3.71 3.75 1503 1.505 2.0 ----------- .46 95
375 168 0.139 4.0 4 .0 7.54 7.46 1502 1.775 0 .9 — .43 14
434 161 0.128 1.0 1.0 1.70 1.72 1505 0.675 4 .7 95 .50 95
437 166 0.125 2.0 2.0 3.41 3.45 1504 1.580 1.4 26 — .57 95
441 169 0.136 4.0 4 .0 6.74 6 .77 1500 1.950 1.4 18 — - .62 150
502 159 0.124 1.0 1.0 1.56 1,57 1503 0.530 6 .3 67 - - - .55 125
498 167 0.124 2.0 2.0 3.14 3.17 1504 0.890 1.1 7 .3 — .74 75
509 170 0.133 4.0 4 .0 6.21 6.18 1504 1.960 1.4 9 .8 — .78 125
604 158 0.135 1.0 1.0 1.36 1.40 1505 0.565 4.1 20 59 .93 125
599 162 0.128 2.0 2.0 2.78 2.81 1504 1.455 1.4 7.6 42 .88 125
607 171 0.145 4.0 4 .0 5.47 5.50 1499 2.510 1.5 8.2 29 .90 75
691 160 0.131 1.0 1.0 1.25 1.26 1504 0.640 3.3 14 42 .87 60
690 164 0.128 2.0 2.0 2.52 2.54 1503 0 .8 X 1.0 4 .3 13 .88 30
699 172 0.137 4.0 4 .0 5.04 4 .98 1503 5.090 0 .7 3.2 9.1 1.00 25
814 177 0.127 2.0 2.0 2.24 2.25 1498 3.410 0 .2 — ----------- .38 16
185
i n i t i a l  r e a c t i o n  r a t e  I s  r e p r e s e n t e d  by  t h e  i n i t i a l  w e ig h t  change*  
(d W /d t)0 * F o r  e a c h  ru n *  t h e  i n i t i a l  r a t e  o f  w e ig h t  ch an g e  i s  p r o p o r ­
t i o n a l  t o  t h e  i n i t i a l  g l o b a l  r e a c t i o n  r a t e .  The i n i t i a l  w e ig h t  chan g e  
i s  n o t  a s  s t r o n g  a f u n c t i o n  o f  t e m p e r a t u r e  a s  t h e  i n i t i a l  i n t r i n s i c  
r e a c t i o n  r a t e  b e c a u s e  o f  t h e  i n c r e a s i n g  im p o r ta n c e  o f  m ass  t r a n s f e r  
w i t h  t e m p e r a t u r e .  O th e r  f a c t o r s  w h ich  a f f e c t  t h e  i n i t i a l  r e a c t i o n  
r a t e  i n  t h e s e  e x p e r i m e n t s  a r e  t h a t  t h e  r u n s  w ere  made w i th  a c o n s t a n t  
m o le  p e r  c e n t  o f  r e a c t a n t  g a s  ( c o n c e n t r a t i o n  v a r i e d  w i th  t e m p e r a t u r e ) ,  
t h e  i n c r e a s i n g  e f f e c t s  o f  s i n t e r i n g  a t  h i g h e r  t e m p e r a t u r e s ,  and 
t h e  v a r i a t i o n  i n  p e l l e t  p r o p e r t i e s  f ro m  r u n  t o  r u n .  D e s p i t e  t h e s e  
d ra w b a c k s ,  i n i t i a l  w e ig h t  c h an g e  i s  a good i n d i c a t o r  o f  t h e  i n i t i a l  
r e a c t i o n  r a t e .
The i n i t i a l  w e ig h t  ch an g e  f o r  t h e  Ha S/ZnO r e a c t i o n  (T a b le  V I I - I )  
b e h av e d  a b o u t  a s  e x p e c t e d .  T h e re  i s  some s c a t t e r  t o  t h e  d a t a  b u t  
t h e  i n c r e a s e  i n  dW /dt was a p p r o x i m a t e l y  p r o p o r t i o n a l  t o  i n c r e a s i n g  
Hs S c o n c e n t r a t i o n  and i t  a l s o  i n c r e a s e d  w i th  t e m p e r a t u r e .
F o r  t h e  COS/ZnO r e a c t i o n  (T a b le  V I I - I I )  t h e  i n i t i a l  w e ig h t  change  
d a t a  b eh av ed  r a t h e r  e r r a c t i c a l l y  w i th  r e s p e c t  t o  COS c o n c e n t r a t i o n .
F o r  m ost o f  t h e  r u n s  a t  a c o n s t a n t  t e m p e r a t u r e ,  t h e  maximum i n i t i a l  
w e ig h t  chan g e  d id  n o t  o c c u r  a t  maximum COS c o n c e n t r a t i o n .  I t  i s  
p o s s i b l e  t h a t  t h e  r a t h e r  c o m p l ic a te d  g a s  m ix tu r e  (COS/CO/CO#/taa ) 
u se d  t o  o f f s e t  e q u i l i b r i u m  d e c o m p o s i t i o n  o f  COS i n t e r f e r e d  w i th  t h e  
r e a c t i o n  m echan ism . R e s i d u a l  d e c o m p o s i t io n  may a l s o  h a v e  b e en  a 
p r o b le m .  At l e a s t  f o r  t h e  4  m ole  % COS c a s e  t h e  i n i t i a l  w e ig h t  change  
i n c r e a s e d  w i t h  t e m p e r a t u r e .  T h a t  t h e  i n c r e a s e  i s  o n ly  s l i g h t  i s  
p r o b a b l y  du e  t o  t h e  r e a s o n s  a l r e a d y  d i s c u s s e d .
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The I n i t i a l  w e ig h t  chan g e  f o r  t h e  r u n s  w i t h  b o th  Hg S and COS 
r e a c t i n g  w i t h  ZnO (T a b le  V I I - I I I )  f o l l o w  t h e  same g e n e r a l  p a t t e r n  
a s  t h e  r u n s  c o n t a i n i n g  o n l y  Ha S , The i n i t i a l  w e ig h t  change  i n c r e a s e s  
w i th  b o th  i n c r e a s i n g  t e m p e r a t u r e  and r e a c t a n t  g a s  c o n c e n t r a t i o n .  T h e re  
i s  c o n s i d e r a b l e  s c a t t e r  t o  t h e  d a t a t b u t  n o t  a s  much a s  f o r  t h e  COS 
s y s te m .
T im e -C o n v e rs io n  D a ta*  The t i m e s  t o  r e a c h  a c o n v e r s i o n  o f  2096,
5036, and 8036 a r e  sum m arized  i n  T a b l e s  V I I - I ,  V I I - I I ,  and V I I - I I I .
The maximum c o n v e r s i o n  o b t a i n e d  and t h e  t im e  a t  w h ich  t h e  r e a c t i o n  
was t e r m i n a t e d  a r e  a l s o  t a b u l a t e d .  S in c e  n e a r  t h e  end  o f  t h e  r e a c t i o n  
t h e  r a t e  o f  c o n v e r s i o n  was v e r y  s lo w  and t h e  t im e  a t  w hich  t h e  ru n  
was d i s c o n t i n u e d  was a lm o s t  a r b i t r a r y ,  no p a r t i c u l a r  s i g n i f i c a n c e  s h o u ld  
be p l a c e d  on  t h e  t i m e  t o  r e a c h  maximum c o n v e r s i o n .  What i s  s i g n i f i c a n t  
i s  t h e  v a l u e  o f  t h e  maximum c o n v e r s i o n  a s  a f u n c t i o n  o f  t e m p e r a t u r e .  
T h e s e  maximum c o n v e r s i o n s  a r e  c o n s i s t e n t  f o r  a l l  t h r e e  g a s  s y s t e m s - -  
a b o u t  4036 a t  375°C , 5036 a t  4 3 5 °C , 7036 a t  500°C , and g r e a t e r  t h a n  9036 
f o r  600 and  700°C . (The 800°C r u n s  e x p e r i e n c e d  s p e c i a l  p ro b le m s  t h a t  
a r e  d i s c u s s e d  l a t e r . )
The f o l l o w i n g  e q u a t i o n  was u sed  t o  c a l c u l a t e  f r a c t i o n a l  c o n v e r s i o n  
f o r  t h e  t a b l e s  and f i g u r e s  i n  t h i s  c h a p t e r .
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A ll  Case s i  COS 2 mole %
©  Run ft 127 T = 373 C0 . 3
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F igure V II -2 . The C onversion o f  ZnO P a r t ic le s  fo r  a COS/ZnO R eaction  as a Function  o f
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Figure V I I -3 . The C onversion  o f ZnO P a r t ic le s  fo r  a HaS/COS/ZnO R eaction  as a Function















































S c a le  Change
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A l l C a s e s :  T s* 690°C
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Figure VII-4* The C onversion  o f  ZnO P a r t ic le s  fo r  a Ha s/ZnO R eaction  as a Function  of
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A ll C ases  T as 698 C
O  Run ft 138 COS = 1 .0  mole %
B Run ft 135 COS = 2 .0  mole %
A Run ft 126 COS = 4 . 0  mole %
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F igure V II -5 . The C onversion  of ZnO P a r t ic l e s  fo r  a COS/ZnO R eaction  as a Function
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F igure V II -6 . The C onversion  o f ZnO P a r t ic le s  o f  a COS/ZnO R eaction  as a Function  of
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A ll Cases* I  603 C 
©  Run # 158 H3S/C0S -  1 .0  mole % e a
Q  Run # 162 Ha S/C0S = 2 .0  mole % ea
A  Run # 171 Ha S/COS = 4 ,0  mole % ea
8
J. J. _L X X J
1C 15 20 25 30 4 0 50
Time (min)
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Figure V II -7 . The C onversion  o f  ZnO P a r t ic le s  o f  a H3 S/C0S/^n0 R eaction  as  a
F u nction  o f  Time and H2S/COS C o n cen tra tio n ,
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= f r a c t i o n a l  c o n v e r s i o n  a t  t i m e ,  t ^
Wt1 = w e ig h t  o f  s a n p le  on  TGA a t  t i m e ,  t ^
WtQ = w e ig h t  o f  sam ple  on TGA a t  t h e  b e g i n n i n g  o f  t h e  r u n
F = f r a c t i o n a l  p u r i t y  o f  t h e  ZnO, 0 .9 4 5 4  ( s e e  C h a p t e r  V)
WQ = t r u e  i n i t i a l  w e ig h t  o f  s a m p le ,  t a k e n  b e f o r e  TGA i s
b r o u g h t  t o  r e a c t i o n  c o n d i t i o n s  ( s e e  C h a p t e r  V)
MW = m o l e c u l a r  w e i g h t .
T he e f f e c t  o f  t e m p e r a t u r e  on t h e  d e g r e e  o f  c o n v e r s i o n  a t  c o n s t a n t  
m ole  p e r  c e n t  r e a c t a n t  g a s  i s  shown f o r  a l l  t h r e e  r e a c t i o n s  i n  F i g u r e s  
V I I - 1 ,  V I I - 2 ,  and V I I - 3 .  The c u r v e s  a re  f o r  a low , i n t e r m e d i a t e ,  and 
h i g h  t e m p e r a t u r e .  T h e se  f i g u r e s  show t h a t  i n c r e a s i n g  t e m p e r a t u r e  
i n c r e a s e s  b o th  t h e  r e a c t i o n  r a t e s  and t h e  maximum c o n v e r s i o n  o b t a i n e d .  
N ote  t h a t  o n  t h e s e  and many o f  t h e  f o l l o w i n g  f i g u r e s  t h e  a b s c i s s a  
c h a n g e s  s c a l e  a t  30 m i n u t e s .  T h i s  s c a l e  change  a l lo w s  t h e  i n i t i a l  
c o n v e r s i o n  t o  be  shown i n  g r e a t e r  d e t a i l  w h i l e  i n c l u d i n g  c o n v e r s i o n s  
a t  t i m e s  up t o  tw o h o u r s .  The f i n a l  c o n v e r s i o n s  and t i m e s  f o r  t h o s e  
r u n s  w h ich  l a s t e d  l o n g e r  t h a n  tw o h o u r s  c a n  be fo u n d  i n  T a b l e s  V I I - I ,  
V I I - I I ,  o r  V I I - I 1 I .  A lth o u g h  t e m p e r a t u r e  i s  t h e  p r im a r y  v a r i a b l e  
i n  t h e s e  f i g u r e s ,  o t h e r  p a r a m e t e r s  o f  s e c o n d a r y  im p o r ta n c e  a l s o  v a r y .  
E xam ples  o f  t h e s e  s e c o n d a r y  c h a n g e s  i n c l u d e  d e c r e a s i n g  r e a c t a n t  g a s  
c o n c e n t r a t i o n  w i t h  i n c r e a s i n g  t e m p e r a t u r e ,  t h e  e f f e c t  o f  m ass  t r a n s f e r ,  
and  a n y  c h a n g e s  i n  t h e  s o l i d ' s  p h y s i c a l  p r o p e r t i e s .
The e f f e c t  o f  r e a c t a n t  g a s  c o n c e n t r a t i o n  on  c o n v e r s i o n  a t  c o n s t a n t  
t e m p e r a t u r e  i s  shown f o r  a l l  t h r e e  r e a c t i o n s  i n  F i g u r e s  V I I - 4 ,  V I I - 5 ,  
V I I - 6 ,  and V I I - 7 .  Note t h a t  f o r  a l l  c o n c e n t r a t i o n s  t h e  r e a c t i o n s
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a c h ie v e d  a p p r o x i m a t e l y  t h e  same f i n a l  c o n v e r s i o n .  F o r  Ha S/£nO 
( F i g u r e  V I I - 4 ) ,  t h e  r e a c t i o n  b e h av e d  a s  e x p e c t e d  and c o n v e r s i o n  r a t e s  
i n c r e a s e d  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n *
I n  o r d e r  t o  d e m o n s t r a t e  t h e  e r r a t i c  n a t u r e  o f  t h e  e f f e c t  o f  00S 
c o n c e n t r a t i o n  on  t h e  r a t e  o f  c o n v e r s i o n ,  two g r a p h s  o f  t h e  COS/ZnO 
r e a c t i o n  a r e  i n c l u d e d .  As c a n  be s e e n  I n  F i g u r e  V I I - 5 ,  t h e  h i g h e s t  
c o n c e n t r a t i o n  r u n  (4.0$l£) had  t h e  f a s t e s t  i n i t i a l  r a t e .  At a b o u t  
c o n v e r s i o n  t h e  l o w e s t  c o n c e n t r a t i o n  r u n  (l.03>) became t h e  f a s t e s t .
The i n t e r m e d i a t e  c o n c e n t r a t i o n  r u n  (2.0516) e x h i b i t e d  t h e  s l o w e s t  r a t e  
t h r o u g h o u t .  I n  F ig u r e  V I I - 6 ,  t h e  i n t e r m e d i a t e  c o n c e n t r a t i o n ,  2 # ,  was 
t h e  f a s t e s t .  I t  was f o l lo w e d  by  t h e  h i g h e s t  c o n c e n t r a t i o n ,  4%, and 
t h e n  t h e  lo w e s t  c o n c e n t r a t i o n ,  13>. From t h e s e  tw o f i g u r e s  and T a b le  
V I I - I I , i t  c a n  be  s e e n  t h a t  no d i s t i n c t  p a t t e r n  e m e r g e s .
P a r t i c u l a r  a t t e n t i o n  s h o u ld  be  p a i d  t o  t h e  e x t r e m e l y  r a p i d  c o n ­
v e r s i o n  a s s o c i a t e d  w i t h  r u n  number 32 i n  F ig u r e  V I I - 6 .  As w i l l  be 
shown l a t e r  t h i s  v e r y  r a p i d  r a t e  c o u p le d  w i th  t h e  h i g h l y  e x o th e r m ic  
h e a t  o f  r e a c t i o n  was c a p a b l e  o f  s u b s t a n t i a l l y  r a i s i n g  t h e  t e m p e r a t u r e  
o f  t h e  p e l l e t .
When b o t h  Ha S and COS w ere  p r e s e n t  t h e  b e h a v i o r  o f  t h e  c o n v e r s i o n  
r a t e  was n o t  a s  e r r a t i c  a s  i n  t h e  COS r e a c t i o n ,  b u t  n e i t h e r  was i t  a s  
" n o r m a l '* a s  i n  t h e  Ha S r e a c t i o n .  T h e r e  was some i n c o n s i s t e n c y  b u t  
r a t e  o f  c o n v e r s i o n  d i d  t e n d  t o  i n c r e a s e  w i th  i n c r e a s i n g  r e a c t a n t  g a s  
c o n c e n t r a t i o n .  As w i l l  b e  shown w i th  t h e  a i d  o f  m a th e m a t i c a l  m o d e ls ,  
a t  l e a s t  some o f  t h e s e  a p p a r e n t  i n c o n s i s t e n c i e s  c an  be e x p l a i n e d  by  
t h e  d i f f e r e n t  p r o p e r t i e s  o f  t h e  p e l l e t s  u sed  i n  t h e  r u n s .
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F ig u res  V I I - 6  and  V I I - 9  show a r a t h e r  I n t e r e s t i n g  phenom enon. T h e se  
tw o  f i g u r e s  com pare t h e  c o n v e r s i o n s  o f  t h e  t h r e e  r e a c t i o n s  a t  c o n s t a n t  
t e m p e r a t u r e  and a t  e q u i v a l e n t  s u l f u r  c o n c e n t r a t i o n s .  I n  b o th  c a s e s  
t h e  H^S/ZnO r e a c t i o n  was f a s t e r  t h a n  t h e  COS/ZnO r e a c t i o n .  The r e a c t i o n  
o f  com bined Hs S and COS w i th  ZnO, i n s t e a d  o f  b e i n g  i n t e r m e d i a t e  b e tw e e n  
t h e  tw o s i n g l e  r e a c t a n t  g a s  c a s e s ,  was f a s t e r  t h a n  e i t h e r  o n e .  As 
w i l l  be shown i n  t h e  m o d e l in g  s e c t i o n ,  t h i s  was due  t o  t h e  s m a l l e r  
d i a m e t e r  and g r e a t e r  p o r o s i t y  o f  t h e  p e l l e t s  i n  t h e  Ha S/COS/ZnO 
s y s te m .  A g r e a t e r  p o r o s i t y  i n c r e a s e s  t h e  e f f e c t i v e  d i f f u s i v i t y  o f  
t h e  g a s  r e a c t a n t  and a s m a l l e r  d i a m e t e r  d e c r e a s e s  t h e  d i f f u s i o n  
p a t h  l e n g t h .
Flow  R a te  E f f e c t s *  The t y p i c a l  e f f e c t  o f  g a s  v o l u m e t r i c  f lo w  r a t e  
on  c o n v e r s i o n  i s  shown i n  F ig u r e  V I I - 1 0 .  U n t i l  a b o u t  2536 c o n v e r s i o n ,  
t h e  t i m e - c o n v e r s i o n  d a t a  f o r  t h e  f o u r  r u n s  a r e  a lm o s t  i d e n t i c a l .  S i n c e ,  
a c c o r d i n g  t o  t h e o r y ,  f lo w  r a t e  h a s  i t s  g r e a t e s t  e f f e c t  i n i t i a l l y ,  i t  
m u s t  be o f  l i t t l e  im p o r ta n c e  f o r  t h e  ra n g e  o f  f lo w s  s t u d i e d .  T h i s  
d o e s  n o t  m ean , h o w e v e r ,  t h a t  m ass  t r a n s f e r  r e s i s t a n c e  i s  i n s i g n i f i c a n t .  
Even  th o u g h  t h e  g a s  f lo w  r a t e  was v a r i e d  o v e r  a w id e  r a n g e  o f  v a l u e s ,  
t h e  m ass  t r a n s f e r  c o e f f i c i e n t  d i d  n o t  v a r y  a p p r e c i a b l y .  W i th in  t h e  
f lo w  r a t e  r a n g e  s t u d i e d ,  t h e  e x t e r n a l  mass t r a n s f e r  c o e f f i c i e n t  c o u ld  
be s i g n i f i c a n t l y  c h an g ed  o n l y  by  v a r y i n g  t h e  p a r t i c l e  d i a m e t e r .
The d e v i a t i o n  o f  t h e  c u r v e s  i n  F ig u r e  V I I - 1 0  a t  t h e  h i g h e r  l e v e l s  
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A ll  C ases  i T ss 599 C 
°  Run #  98 Ha S = 4 .0  mole %
Q  Run # 126 COS = 4 .0  mole %
4  Run # 162 Ha S/COS = 2 .0  mole % ea
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F ig u r e  V I I - 8 .  Com parison o f  th e  T im e-C o n v ers io n  C urves  f o r  t h e  R e a c t io n s  o f  ZnO 
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A ll  C ases  T «  688 C
O  Run # 100 Ha S = 4 .1  mole %
0  Run #  125 COS = 4 . 0  mole %
A  Run # '1 6 4  H2S/C0S = 2 .0  mole % e a
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F ig u re  V I I - 9 ,  Com parison o f  th e  T im e-C o n v e rs io n  C urves  f o r  t h e  R e a c t io n s  o f  ZnO w ith  
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S c a le  Change
A ll  C ases  T «  597°C
Ha S 4 mole %
0  Run #  106 Flow = 203 (cm3/m in)STP
0  Run # 105 Flow = 407 (cm3/m in)STP
▼ Run # 98 Flow = 811 (cm3/m in)STP
A  Run # 144 Flow = 1502 (cm3/m in)STP
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F ig u re  V I I - 1 0 .  The C o n v ers io n  o f  ZnO P a r t i c l e s  o f  a H^s/ZnO R e a c t io n  as  a F u n c t io n  
o f  Time and T o t a l  Gas Flow R a te .
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E s t i m a t e d  maximum t e m p e r a t u r e  r i s e .  T he m o d e l in g  a n a l y s i s  o f  th e  
r e a c t i o n s  i s  b a s e d  on  t h e  a s s u m p t io n  t h a t  t h e  r e a c t i n g  s y s te m  d i d  n o t  
s i g n i f i c a n t l y  d e v i a t e  from  i s o t h e r m a l  b e h a v i o r .  S in c e  t h e  r e a c t i o n s  a r e  
e x o t h e r m i c ,  i t  i s  im p o r t a n t  t o  i n v e s t i g a t e  an y  t e m p e r a t u r e  r i s e  t h a t  
m ig h t  h a v e  o c c u r r e d  d u r i n g  r e a c t i o n  and w hat f a c t o r s  c o n t r i b u t e d  t o  
t h a t  r i s e .  To do  t h i s  t h e  maximum t e m p e r a t u r e  r i s e s  a c r o s s  t h e  g a s  
f i l m  and  w i t h i n  t h e  p a r t i c l e  w ere  e s t i m a t e d  b y  t h e  m e th o d s  d e v e lo p e d  
i n  C h a p t e r  I I I .
R e c a l l  t h a t  t h e  e s t i m a t e  o f  t h e  t e m p e r a t u r e  r i s e  a c r o s s  t h e  g a s  
f i l m  i s  b a s e d  on t h e  maximum r e a c t i o n  r a t e ,  w h ich  f o r  t h e s e  r e a c t i o n s  
o c c u r r e d  i n i t i a l l y .  The m ethod a l s o  assum es t h a t  t h e  maximum r e a c t i o n  
r a t e  i s  a  '‘s t e a d y - s t a t e 1* r a t e  and i g n o r e s  t h e  e n e r g y  r e q u i r e d  t o  r a i s e  
t h e  t e m p e r a t u r e  o f  t h e  ZnO p e l l e t .  C l e a r l y ,  t h e  e s t i m a t e d  maximum 
t e m p e r a t u r e  r i s e  a c r o s s  t h e  g a s  f i l m  i s  much l a r g e r  t h a n  t h e  a c t u a l  
t e m p e r a t u r e  i n c r e a s e .
T he e s t i m a t e d  maximum t e m p e r a t u r e  r i s e  a c r o s s  t h e  g a s  f i l m  
was s i g n i f i c a n t  i n  many c a s e s .  F o r  t h e  Ha s/ZnO  r u n s  w i th  4% o r  l e s s  
Ha S t h e  maximum “ e s t i m a t e d  t e m p e r a t u r e  r i s e "  was a b o u t  5#  o f  t h e  a b s o l u t e  
t e m p e r a t u r e .  M ost o f  t h e  e s t i m a t e s  w ere  i n  t h e  1 -4 #  r a n g e .  The maximum 
e s t i m a t e d  r i s e  a c r o s s  t h e  g a s  f i l m  f o r  t h e  more e x o th e r m ic  COS/ZnO r e a c ­
t i o n  w a s ,  i n  g e n e r a l ,  g r e a t e r  t h a n  t h a t  f o r  t h e  Ha S/ZnO r e a c t i o n  d e s p i t e  
i t s  s lo w e r  r e a c t i o r t  r a t e s .  The h i g h e s t  e s t i m a t e  was f o r  ru n  number 132 
w i t h  a 9 . 1 #  e s t i m a t e d  r i s e  i n  t e m p e r a t u r e .  Most o f  t h e  e s t i m a t e s  w e r e ,
h o w e v e r ,  i n  t h e  2 -5 #  r a n g e .
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The e s t i m a t e d  maximum r i s e  a c r o s s  t h e  I n t e r i o r  o f  a ZnO p a r t i c l e  
I s  n e g l i g i b l e  f o r  b o th  t h e  Ha S/ZnO and COS/ZnO r e a c t i o n s .  F o r  t h e  
Ha S/&nO r e a c t i o n  t h e  h i g h e s t  e s t i m a t e d  i n t e r i o r  t e m p e r a t u r e  r i s e  was 
0 .3 % .  F o r  t h e  COS/ZnO r e a c t i o n  t h e  h i g h e s t  e s t i m a t e  was 0 .6% , b u t  i n  
m o s t  c a s e s  t h e  r i s e  was no m ore t h a n  0 .2% .
The c o n c l u s i o n s  o f  t h e  i n v e s t i g a t i o n  i n t o  maximum t e m p e r a t u r e  r i s e  
a r e  t h a t  t h e  i n t e r n a l  t e m p e r a t u r e  r i s e  f o r  b o th  r e a c t i o n s  i s  n e g l i g i b l e .  
C o n s i d e r i n g  t h a t  t h e  e s t i m a t e d  e x t e r n a l  r i s e  i s  p r o b a b l y  much g r e a t e r  
t h a n  t h e  t r u e  r i s e ,  t h i s  r i s e  i s  a l s o  s u f f i c i e n t l y  s m a l l  t o  i g n o r e .
T h u s  a l l  r e a c t i o n s  w ere  assum ed i s o t h e r m a l  and t h i s  c o u ld  be  one 
s o u r c e  o f  u n e x p la i n e d  d a t a  s c a t t e r .
A maximum t e m p e r a t u r e  r i s e  e s t i m a t e  f o r  t h e  r e a c t i o n  o f  Ha S and 
COS w i th  ZnO was n o t  made s i n c e  an e s t i m a t e  w ould  r e q u i r e  t h e  know­
le d g e  o f  how much o f  t h e  r e a c t i o n  was due  t o  e a c h  g a s .  The t e m p e r a t u r e  
r i s e  f o r  t h e  com bined g a s  s y s te m  s h o u ld  be i n t e r m e d i a t e  b e tw e e n  Ha S/^nO 
and COS/inO s y s te m s .
H ia h  t e m p e r a t u r e  p r o b le m s .  As i n  t h e  r u n s  w i th  Ha S and ZnO 
pow der r e p o r t e d  i n  C h a p t e r  V I ,  d i f f i c u l t i e s  w ere  e n c o u n te r e d  when t h e  
t e m p e r a t u r e  a p p ro a c h e d  800°C . T h e se  p ro b le m s  w ere  e s s e n t i a l l y  t h e  
same a s  d i s c u s s a d  e a r l i e r  w i t h  one e x c e p t i o n .  The d e c o m p o s i t i o n  o f  
ZnO t o  Zn v a p o r  and s u b s e q u e n t  r e a c t i o n  t o  form  ZnS, i n  t h e  r u n s  w i th  
ZnO p o w d er ,  l e d  t o  w id e ly  v a r y i n g  r e a c t i o n  r a t e s .  H ow ever, w i th  ZnO 
p a r t i c l e s  t h e  ZnS a p p e a r s  t o  c l o s e  o f f  t h e  s m a l l  p o r e s  n e a r  t h e  p a r t i c l e  
•Jrtlafc i^r and k i l l  t h e  r e a c t i o n .  E xam ples  o f  w hat h a p p e n s  c a n  be  s e e n  
i n  T a b l e s  V I I - I ,  V I I - I I ,  and V I I - I 1 I .  O n ly  i n  one ru n  d i d  t h e  r e a c t i o n  
a p p ro a c h  c o m p le t io n  when t h e  r e a c t i o n  t e m p e r a t u r e  was n e a r  800°C .
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A p p a r e n t ly  f o r  t h i s  r u n ,  w h ich  had a r e l a t i v e l y  h ig h  COS c o n c e n t r a t i o n  
( 4 # ) ,  t h e  g l o b a l  r e a c t i o n  r a t e  was f a s t  enough  t o  c o m p le t e ly  r e a c t  
t h e  ZnO b e f o r e  t h e  v a p o r  p h a s e  m echanism  s e a l e d  t h e  p o r e s .  I n  s e v e r a l  
c a s e s ,  an a p p a r e n t l y  im p e r v io u s  c o a t i n g  c o u ld  be s e e n  on t h e  s u r f a c e  
o f  t h e  r e s u l t a n t  p a r t i c l e .  M ic r o p h o to g r a p h ic  e v id e n c e  o f  t h i s  w i l l  
b e  p r e s e n t e d  l a t e r .
Two r u n s ,  num ber 175 and 1 7 6 ,  w ere  d e s i g n e d  e s p e c i a l l y  t o  demon­
s t r a t e  t h i s  h ig h  t e m p e r a t u r e  e f f e c t .  T h e se  r u n s  a r e  i l l u s t r a t e d  In  
F i g u r e s  V I I - 1 1  and V I I - 1 2 ,  r e s p e c t i v e l y .  I n  Run 175 t h e  t e m p e r a t u r e  
was i n c r e a s e d  t o  795°C e s s e n t i a l l y  a s  a s t e p  chan g e  w h i l e  u n d e r  Ns 
f lo w .  The a p p a r e n t  d r o p  i n  w e ig h t  a s s o c i a t e d  w i th  t h i s  t e m p e r a t u r e  
r i s e  i s  an i d i o s y n c r a s y  o f  t h e  TGA sy s te m  d i s c u s s e d  i n  C h a p t e r  V, and 
i s  n o t  a r e a l  w e ig h t  c h a n g e .  As t h e  t e m p e r a t u r e  l i n e d  o u t  a t  795°C 
t h e  ZnO p a r t i c l e  d i d  u n d e rg o  a g r a d u a l  w e ig h t  l o s s  o f  a b o u t  0 , 6  mg 
i n  a s i x  m in u te  s p a n .  T h i s  r e p r e s e n t s  t h e  l o s s  o f  ZnO t o  Zn v a p o r  
and  0 ^ .  A f t e r  s i x  m in u te s  t h e  t e m p e r a t u r e  was d e c r e a s e d  t o  61 3 °C .
The w e ig h t  l o s s  s to p p e d  a lm o s t  im m e d ia te ly  i n d i c a t i n g  t h a t  t h e  ZnO 
d e c o m p o s i t i o n  had  c e a s e d .  When Ha S e n t e r e d  t h e  s y s te m  t h e  ZnO p a r t i c l e  
r e a c t e d  t o  92#  c o n v e r s i o n ,  b a s e d  on t h e  i n i t i a l  ZnO w e i g h t ,  i n  24 
m i n u t e s .  The i n i t i a l  w e ig h t  c h an g e  was 0 , 1 2  m g/m in , lo w e r  t h a n  would 
be e x p e c te d  f o r  a ” 2 m ole#  Hs S-600°C " r u n .  The lo w e r  i n i t i a l  w e ig h t  
chan g e  was p r o b a b l y  d u e  t o  s i n t e r i n g  t h a t  t o o k  p l a c e  a t  795°C . The 
r e a c t i o n  was n o t  k i l l e d  b y  t h e  n o n p o ro u s  ZnS s u r f a c e  l a y e r  s i n c e  t h e  
Zn v a p o r  had  c l e a r e d  t h e  s y s te m  b e f o r e  t h e  H3 S was i n t r o d u c e d .
In  Run 176 ( F ig u r e  V I I - 1 2 )  t h e  t e m p e r a t u r e  was i n c r e a s e d  t o  609°C 
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was no  w e ig h t  ch an g e  a t  t h i s  t e m p e r a t u r e *  When Ha S was i n t r o d u c e d  t o  
t h e  s y s te m  a b o u t  one m in u te  l a t e r ,  t h e  i n i t i a l  w e ig h t  change  was 1 .1 5  
m g /m in , h i g h e r  t h a n  n o rm a l .  About t h r e e  m in u te s  l a t e r ,  when t h e  
c o n v e r s i o n  had  r e a c h e d  2 5 $ ,  t h e  t e m p e r a t u r e  s e t  p o i n t  was i n c r e a s e d  
t o  0O5°C and t h e  r e a c t i o n  d i e d  o f f  a f t e r  a c h i e v i n g  o n l y  26$ c o n v e r s i o n .  
A p p a r e n t ly  a s  t h e  t e m p e r a t u r e  i n c r e a s e d  t h e  v a p o r  p h a s e  m echanism  
s t a r t e d  artd ZnS b lo c k e d  t h e  p o r e s  o f  t h e  p a r t i c l e s  and k i l l e d  t h e  
r e a c t i o n .
P h o t o g r a p h i c  r e s u l t s  o f  e l e c t r o n  m ic ro s c o p e  and s c a n n in g  e l e c t r o n  
m ic ro p ro b e  I n v e s t i g a t i o n s . A s e r i e s  o f  m ic r o p h o to g r a p h s  and e l e c t r o n  
m ic ro p ro b e  s c a n s  o f  s e c t i o n s  o f  ZnO, ZnO/ZnS m i x t u r e s ,  and r e a c t e d  
ZnS were p e r fo rm e d  t o  i n v e s t i g a t e  r e a c t i o n  m ech a n ism s .  F i g u r e s  V I I - 1 3  
and V I I - 1 4  a r e  60X p h o to g r a p h s  o f  a s e c t i o n e d  p e l l e t  o f  ZnO/ZnS m ix ­
t u r e .  The o r i g i n a l  ZnO p e l l e t  was r e a c t e d  w i th  Ha S a t  696°C (Run 
number 173) w i th  t h e  r e a c t i o n  i n t e n t i o n a l l y  a b o r t e d  a t  43$ c o n v e r s i o n .  
S u p e r im p o se d  on t h e  p h o to g r a p h s  a r e  t h e  r e s u l t s  o f  e l e c t r o n  m ic ro p ro b e  
s c a n s  f o r  Zn ( F i g u r e  V I I - 1 3 )  and f o r  s u l f u r  ( F i g u r e  V I I - 1 4 ) .  (The 
e l e c t r o n  m ic ro p ro b e  c a n n o t  d e t e c t  o x y g e n .)  The p a t h  o f  t h e  e l e c t r o n  
beam i n  e a c h  c a s e  i s  n o te d  by  t h e  s t r a i g h t  l i n e  w h i le  t h e  wavy l i n e  
i n d i c a t e s  c o u n t e r  r e s p o n s e  t o  t h e  e le m e n t  b e in g  s c a n n e d .  In  t h e  c a s e  
o f  Zn, c o n c e n t r a t i o n  i s  e s s e n t i a l l y  u n i f o r m  t h r o u g h o u t  t h e  s c a n  p a t h .  
T he s e n s i t i v i t y  o f  t h e  s c a n  i s  i n d i c a t e d  by  t h e  two a p p a r e n t  p o i n t s  
o f  low c o n c e n t r a t i o n  w hich  c o r r e s p o n d  t o  t h e  v a l l e y  o r  t u n n e l  w h ich  i s  
o b v io u s  from  t h e  v i s u a l  p h o to m ic r o g r a p h .  In  b o th  p i c t u r e s  t h e  c e n t e r  
o f  t h e '  p e l l e t  i s  t o  t h e  l e f t  w i th  t h e  o u t e r  r a d i u s  v i s i b l e  t o  t h e  
r i g h t  hand s i d e .
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F i g u r e  V I I - 1 3 .  M ic ro p ro b e  S can  f o r  Z in c  on a 43$  ZnS -  5 7 ^  ZnO
P e l l e t
Run Number 173
M a g n if ic a t io n  60
207
F ig u r e  V I I - 1 4 ,  M ic ro p ro b e  Scan  f o r  S u l f u r  on a 43& ZnS -  
575IS ZnO P e l l e t
Run Number 173
M a g n if ic a t io n  60
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I n  c o n t r a s t  t o  t h e  u n i f o r m  c o n c e n t r a t i o n  s c a n  o b t a i n e d  f o r  Z n , 
t h e  s u l f u r  s c a n  shows z e r o  o u t p u t  n e a r  t h e  c e n t e r  w i th  a r a p i d  c o n ­
c e n t r a t i o n  r i s e  n e a r  t h e  o u t e r  r a d i u s .  I f  i t  i s  assumed t h a t  t h e  con ­
v e r s i o n  o f  ZnO t o  ZnS p r o c e e d s  a s  a m oving f r o n t  ( u n r e a c t e d  c o r e ) ,  t h e n  
t h e  o v e r a l l  4356 p e l l e t  c o n v e r s i o n  w ould c o r r e s p o n d  t o  a c o r e  r a d i u s  
e q u a l  t o  8356 o f  t h e  p e l l e t  r a d i u s .  The s u l f u r  f r o n t  i n  F ig u r e  V I I - 1 4  
c o r r e s p o n d s  c l o s e l y  t o  t h i s  r a d i u s  v a l u e .  As w i l l  be shown l a t e r ,  t h e  
s o l i d  c o n c e n t r a t i o n  f r o n t s  p r e d i c t e d  from  t h e  r e a c t i o n  m o d e ls  show good 
q u a l i t a t i v e  a g re e m e n t  w i th  t h e  s u l f u r  s c a n .
The e x p e r i m e n t a l  d i f f i c u l t y  a t  r e a c t i o n  t e m p e r a t u r e s  n e a r  800°C  
h a s  b e en  d i s c u s s e d .  I t  h a s  b een  p o i n t e d  o u t  t h a t  t h i s  was p r o b a b l y  
due  t o  t h e  d e c o m p o s i t io n  o f  ZnO t o  Zn v a p o r  and s u b s e q u e n t  v a p o r  
p h a se  r e a c t i o n  t o  form  ZnS. The p h o to m ic r o g r a p h s  i n  F i g u r e s  V I I - 1 5 ,  
V I I - 1 6 ,  and V I I - 1 7  g iv e  v i s u a l  e v id e n c e  o f  t h i s .  F ig u r e  V I I - 1 5  shows 
t h e  e x t e r i o r  s u r f a c e  o f  a s i n g l e  p e l l e t  r e a c t e d  a t  785°C  (Run number 
1 3 4 ) .  On t h e  s u r f a c e  a t h i n  l a y e r  o f  ZnS c an  be seen?  a t  t h e  c h ip p e d  
s p o t s  t h e  l i g h t  u n r e a c t e d  ZnO i s  s e e n .  F ig u r e  V I I - 1 6  f o c u s e s  on a 
s m a l l  c h ip p e d  a r e a  a t  560X? t h e  t h i n  s u r f a c e  l a y e r  s u r r o u n d i n g  t h e  
c h i p  i s  s e e n  t o  be e s s e n t i a l l y  n o n - p o r o u s .  F ig u r e  V I I - 1 7 ,  a t  1800X, 
f o c u s e s  on t h e  s u r f a c e  ZnS l a y e r ;  t h e  d e n d r i t i c  s t r u c t u r e s ,  w hich  
a r e  p a r t i c u l a r l y  a p p a r e n t  i n  t h e  lo w e r  r i g h t  c o r n e r  o f  t h e  p i c t u r e ,  
a r e  c l e a r  i n d i c a t i o n s  o f  d e p o s i t i o n  from t h e  v a p o r  p h a s e .  The e l e c t r o n  
m ic r o p r o b e  v e r i f i e d  t h a t  t h e  tw o p r im a r y  e l e m e n t s  i n  t h e  s u r f a c e  l a y e r  
w ere  Zn and s u l f u r .  T h u s  t h e  e l e c t r o n  m ic isco p e  and m ic r o p r o b e  
work g iv e  f u r t h e r  v e r i f i c a t i o n  o f  t h e  v a p o r  p h a se  r e a c t i o n  b e tw een  
Zn and s u l f u r  compounds n e a r  800°C .
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F ig u re  V II -1 5 . E x t e r n a l  S u r f a c e  o f  a P e l l e t  R e a c t e d  Near  800 C, 
M a g n i f i c a t i o n  20
Run Number 134
F i g u r e  V I I - 1 6 .  A C h i p  i n  t h e  S u r f a c e  o f
Run Number 134
M a g n i f i c a t i o n  560
F i g u r e  V I I - 1 7 .  The E x t e r n a l  S u r f a c e  o f  
M a g n i f i c a t i o n  1000
Run Number 134
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Modeling R esu lts
The r e s u l t s  o f  t h e  m a t h e m a t i c a l  m o d e l in g  e f f o r t s  a r e  p r e s e n t e d  I n  
t h i s  s e c t i o n .  F i r s t ,  t h e  u n r e a c t e d  c o r e  model and e x p e r i m e n t a l  i n i t i a l  
r e a c t i o n  r a t e s  a r e  u sed  t o  o b t a i n  an  e s t i m a t e  o f  t h e  i n t r i n s i c  r a t e  
e x p r e s s i o n  f o r  t h e  COS/^nO r e a c t i o n .  Next  t h i s  r a t e  e x p r e s s i o n  and 
t h e  one d e r i v e d  from t h e  powder  e x p e r i m e n t s  f o r  t h e  Ha s /ZnO r e a c t i o n  
( C h a p t e r  VI) a r e  u s e d  t o  compare t h e  u n r e a c t e d  c o r e ,  t h e  v o l u m e t r i c ,  
and t h e  g r a i n  m o d e l s .  Not a l l  o f  t h e  e x p e r i m e n t a l  c o n v e r s i o n - t i m e  d a t a  
a r e  a c c u r a t e l y  d e s c r i b e d  by t h e  m o d e l s .  However,  s u f f i c i e n t  a g re e m e n t  
e x i s t s  t o  p r o v i d e  v a l u a b l e  i n s i g h t s  i n t o  t h e  r e a c t i o n  m echan ism .  The 
s e c t i o n  c o n c l u d e s  w i t h  an i n v e s t i g a t i o n  i n t o  t h e  e f f e c t s  o f  p a r a m e t e r  
v a r i a t i o n  on  t h e  m o d e l s .  The i n v e s t i g a t i o n  c e n t e r s  p r i m a r i l y  on t h e  
e f f e c t s  o f  p o r o s i t y  ( e f f e c t i v e  d i f f u s i v i t y  i s  n o r m a l l y  t h o u g h t  t o  be 
p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  p o r o s i t y )  and r e a c t i o n  r a t e  c o n s t a n t s .  
The i n v e s t i g a t i o n  i s  b a s e d  on a c t u a l  e x p e r i m e n t a l  c o n d i t i o n s  and t h e  
r e s u l t s  a r e  g r a p h i c a l l y  compared w i t h  a low t e m p e r a t u r e  Ha S r u n .
In  C h a p t e r  I I I  two m e th o d s  o f  e v a l u a t i n g  t h e  r a t e  c o n s t a n t  from 
e x p e r i m e n t a l  d a t a  and t h e  u n r e a c t e d  c o r e  model were d e v e l o p e d .  One 
method u t i l i z e d  i n i t i a l  r a t e  d a t a  and t h e  o t h e r  u s e d  d e v e l o p e d  r a t e s .  
The i n i t i a l  r a t e  method worked w e l l  f o r  t h e  COS/ZnO r e a c t i o n  and i s  
r e p o r t e d  h e r e .  With  t h e  Ha S/ZnO p e l l e t  d a t a  t h e  method gave  w i d e l y  
f l u c t u a t i n g  v a l u e s  f o r  t h e  r a t e  c o n s t a n t .  T h e s e  r e s u l t s  a r e  n o t  
r e p o r t e d .  N e i t h e r  r e a c t i o n  c o u l d  be a n a l y z e d  w i t h  t h e  d e v e l o p e d  r a t e  
method due  t o  t h e  o b s e r v e d  d i e - o f f  o f  t h e  r e a c t i o n ,  a phenomenon which  
i s  t o t a l l y  i n c o n s i s t e n t  w i t h  t h e  u n r e a c t e d  c o r e  m o d e l .  T h e s e  r e s u l t s  
a r e  n o t  r e p o r t e d  e i t h e r .
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I n tr in s ic  r ea c tio n  ra te  exp ression  for the CQS/ZnO r e a c tio n .
S i n c e  I t  was n o t  p o s s i b l e  t o  o b t a i n  an  i n t r i n s i c  r a t e  e x p r e s s i o n  f o r  
t h e  GOS/ZnO r e a c t i o n  w i t h  t h e  r e a g e n t  g r a d e  ZnO powder ( C h a p t e r  V ) ,  
an  e s t i m a t e  o f  t h i s  r a t e  e x p r e s s i o n  was o b t a i n e d  by u s i n g  i n i t i a l  
r e a c t i o n  r a t e s  and t h e  u n r e a c t e d  c o r e  m o d e l .  An a s s u m p t i o n  i n h e r e n t  
t o  t h i s  a n a l y s i s  i s  t h a t  t h e  r e a c t i o n  i s  f i r s t  o r d e r  w i t h  r e s p e c t  t o  
t h e  g a s  r e a c t a n t .  Due t o  t h e  e x t r e m e  s c a t t e r  o f  t h e  COS/^nO d a t a  and 
t h e  c o m p l i c a t e d  g a s  m i x t u r e  u s e d  i n  t h e  e x p e r i m e n t s  t h i s  a s s u m p t i o n  
h a s  n o t  b e e n  i n d e p e n d e n t l y  v e r i f i e d .  N e v e r t h e l e s s ,  a s  d i s c u s s e d  i n  
C h a p t e r s  I I  and I I I ,  a f i r s t  o r d e r  g a s  r a t e  e x p r e s s i o n  i s  a common 
a s s u m p t i o n  and i s  c o n s i s t e n t  w i t h  t h e  f i n d i n g s  f o r  t h e  Ha S/ZnO r e a c t i o n .
I n  o r d e r  t o  o b t a i n  a m e a n i n g f u l  t e m p e r a t u r e  d e p en d en ce  f o r  t h e  
r a t e  e x p r e s s i o n ,  i t  was  n e c e s s a r y  t o  make a j u d i c i o u s  c h o i c e  o f  r a t e  
d a t a  u s ed  i n  t h i s  a n a l y s i s ,  A l a r g e  p o r t i o n  o f  t h e  d a t a ,  p a r t i c u l a r l y  
t h e  lo w e r  c o n c e n t r a t i o n  r u n s  were  i n c o n s i s t e n t .  However,  a s  o b s e r v e d  
i n  t h e  e a r l i e r  s e c t i o n ,  t h e  e x p e r i m e n t s  p e r f o r m e d  w i t h  4% COS w e r e ,  f o r  
t h e  m os t  p a r t ,  c o n s i s t e n t .  T h e r e f o r e ,  a l l  o f  t h e s e  r u n s ,  e x c e p t  
number 126 ,  p l u s  a few lo w e r  c o n c e n t r a t i o n  r u n s ,  which  had i n i t i a l  
r a t e s  c o n s i s t e n t  w i t h  t h e  4% COS r u n s ,  were  u s e d .  R a t e  c o n s t a n t s  
w ere  c a l c u l a t e d  by  t h e  method e x p l a i n e d  i n  C h a p t e r  I I I ,  The r u n s  u sed  
and t h e  e s t i m a t e d  r e a c t i o n  c o n s t a n t s  a r e  summarized  i n  T a b l e  V I I - I V .
The r a t e  c o n s t a n t s  d e t e r m i n e d  were found t o  ob ey  t h e  c l a s s i c a l  A r r h e n i u s  
r e l a t i o n s h i p .  The f r e q u e n c y  f a c t o r  and a c t i v a t i o n  e n e r g y  w e re  d e t e r m i n e d  
by  a n o n l i n e a r  l e a s t - s q u a r e s  a n a l y s i s .  The r e s u l t a n t  A r r h e n i u s  e x p r e s ­
s i o n  i s
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TABLE V II-IV
REACTION RATE CONSTANTS FOR THE COS/ZnO REACTION BASED ON THE 
UNREACTED CORE MODEL AND INITIAL REACTION RATES






R e a c t i o n  R a te  C o n s t a n t  
k s
(cm*/mg»mole*min)
646 127 4 . 0 1 .7 0
707 133 4 . 0 4 . 9 8
770 137 2 . 6 2 3 . 2
769 129 4 . 0 1 6 .2
770 130 4 , 0 1 2 .4
871 135 2 , 0 2 9 . 6
960 136 1 . 0 6 2 . 1
962 125 4 . 0 3 3 .0
1058 134 1 . 0 7 4 .4
1058 124 4 , 0 8 4 .5
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k s = 7053  e ' 9460/ ^ 1 . ( V I I - 2 )
T h i s  e x p r e s s i o n  and t h e  d a t a  u s ed  t o  d e r i v e  i t  a r e  shown g r a p h i c a l l y  i n  
F i g u r e  V I I - 1 8 .
C a r e f u l  s t u d y  o f  F i g u r e  V I I - 1 8  shows t h a t  t h e  s l o p e  b e g i n s  t o  
d e c r e a s e  a f t e r  770°K {lOOO/T = 1 * 3 ) .  T h i s  was a l s o  o b s e r v e d  i n  t h e  
Ha S/ZnO powder  e x p e r i m e n t s .  As i n  t h e  powder e x p e r i m e n t s ,  i t  i s  
b e l i e v e d  t h a t  t h i s  i s  due  t o  s i n t e r i n g  o f  ZnO. P r i o r  t o  r e a c t i o n  t h e  
s p h e r i c a l  ZnO p a r t i c l e s  r e c e i v e d  a 2 4 - h o u r  h e a t  t r e a t m e n t  a t  770°K.
T h i s  t r e a t m e n t  would t e n d  t o  d e t e r  any  f u r t h e r  s i n t e r i n g  a t  o r  be low  
770°K d u r i n g  t h e  r e l a t i v e l y  s h o r t  t i m e  r e q u i r e d  f o r  r e a c t i o n .  S i n t e r i n g  
c a u s e s  t h e  a c t i v a t i o n  e n e r g y  e s t i m a t e d  from t h e  e x p e r i m e n t a l  d a t a  t o  
be  s l i g h t l y  lo w e r  t h a n  c o u l d  o t h e r w i s e  be e x p e c t e d .  However ,  i t  i s  
a r e a l  e f f e c t  and t o  a c e r t a i n  e x t e n t  i s  a c c o u n t e d  f o r  by u s i n g  t h e  
e x p e r i m e n t a l l y  d e r i v e d  e x p r e s s i o n  f o r  t h e  r a t e  c o n s t a n t .
C o m p a r i so n  o f  r e a c t i o n  m o d e l s . The t i m e s  p r e d i c t e d  by  e a c h  o f  
t h e  t h r e e  r e a c t i o n  m o d e l s  t o  r e a c h  a g i v e n  c o n v e r s i o n  f o r  t h e  r u n s  
r e p o r t e d  i n  t h e  p r e v i o u s  s e c t i o n  was i n v e s t i g a t e d .  The o n l y  r e p o r t e d  
e x p e r i m e n t a l  r u n  n o t  m o d e led  was number 156 ,  t h e  789°C H2 S r u n  i n  
w h ich  t h e  p e l l e t  d i d  n o t  r e a c t .
I n  o r d e r  t o  k e e p  t h e  m o d e ls  " e q u i v a l e n t "  f o r  c o m p a r i s o n  p u r p o s e s ,  
s e v e r a l  r e s t r i c t i o n s  were  p l a c e d  on t h e  p a r a m e t e r s  o f  e ac h  m o d e l .
The  p o r o s i t y  was assumed t o  be  c o n s t a n t  and e q u a l  t o  t h e  i n i t i a l  
p o r o s i t y .  E f f e c t i v e  d i f f u s i v i t y  was c a l c u l a t e d  a s  p r o p o r t i o n a l  t o  
t h e  s q u a r e  o f  t h e  p o r o s i t y .  The o r d e r  w i th  r e s p e c t  t o  r e a c t a n t  g a s  
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L .61 .40 . 9  1 . 0
F i g u r e  V I I - 1 8 .  A r r h e n i u s  Dependence  o f  R a t e  C o n s t a n t
f o r  COS/ZnO R e a c t i o n ,
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was  k e p t  l a r g e  enough  t o  n o t  h ave  an e f f e c t  on t h e  r e a c t i o n  r a t e .  The 
r a t e  c o n s t a n t s  u s ed  were  " e q u i v a l e n t ” a s  d e f i n e d  by e q u a t i o n s  111-76  
and I I I - 7 7 .
S e v e r a l  c o n c l u s i o n s  f o l l o w  from t h i s  i n v e s t i g a t i o n .  F i r s t ,  none 
o f  t h e  m o d e l s ,  a t  l e a s t  i n  t h i s  somewhat r e s t r i c t i v e  " e q u i v a l e n t "  
s t a t u s ,  p r e d i c t  t h e  " d i e - o f f ” i n  t h e  r e a c t i o n  which was e x p e r i m e n t a l l y  
o b s e r v e d  a t  t h e  lo w e r  t e m p e r a t u r e s .  S e c o n d ,  w h i l e  t h e  t i m e  r e q u i r e d  
t o  a c h i e v e  a s e l e c t e d  d e g r e e  o f  c o n v e r s i o n  i s  a s t r o n g  f u n c t i o n  o f  
g a s  c o n c e n t r a t i o n ,  i t  i s  a l m o s t  i n d e p e n d e n t  o f  t e m p e r a t u r e  f o r  t h e  
HaS/ZvO  and HaS/COS/ZnO r u n s  above 4 3 5 °C and t h e  COS/ZnO r e a c t i o n  above 
500°C .  T h i s  i n d i c a t e s  t h a t  t h e  r e a c t i o n  m o d e ls  a r e  p r e d i c t i n g  a 
" d i f f u s i o n - c o n t r o l l e d  r e a c t i o n "  above t h e s e  t e m p e r a t u r e s .  S i n c e  b o t h  
t h e  i n t r i n s i c  r a t e  e x p r e s s i o n  and t h e  e q u a t i o n s  d e f i n i n g  d i f f u s i o n  
a r e  f i r s t  o r d e r  w i t h  r e s p e c t  t o  g a s  c o n c e n t r a t i o n ,  the* i n v e r s e  p r o ­
p o r t i o n a l i t y  t h a t  t h e  m o d e ls  p r e d i c t e d  b e tw een  r e q u i r e d  c o n v e r s i o n  
t i m e s  and g a s  c o n c e n t r a t i o n  c a n n o t  be u s e d  t o  d i s t i n g u i s h  b e tw ee n  
k i n e t i c  c o n t r o l  and d i f f u s i o n  c o n t r o l .  However,  t h e  i n t r i n s i c  r a t e  
e x p r e s s i o n  i s  a s t r o n g  f u n c t i o n  o f  t e m p e r a t u r e  w h e re a s  t h e  e f f e c t i v e  
d i f f u s i o n  r a t e  h a s  a weak t e m p e r a t u r e  d e p e n d e n c e .  I t  i s  t h i s  
d i f f e r e n c e  w hich  a l l o w s  t h e  d i s t i n c t i o n  t o  be made b e tw ee n  a k i n e t i c a l l y  
c o n t r o l l e d  o r ,  a s  i n  t h i s  c a s e ,  a d i f f u s i o n  c o n t r o l l e d  r e a c t i o n .
T h i r d ,  t h e r e  i s  a c e r t a i n  amount o f  " s c a t t e r "  among t h e  p r e d i c t e d  
t i m e s  r e q u i r e d  f o r  a g i v e n  c o n v e r s i o n .  F o r  e x a m p l e ,  r u n  number 99  a t  4 9 6 °C 
h a s  t h e  f a s t e s t  p r e d i c t e d  c o n v e r s i o n - t i m e  r e l a t i o n  among t h e  4% Ha S r u n s  
and r u n  138 a t  595°C h a s  t h e  f a s t e s t  p r e d i c t e d  c o n v e r s i o n  among t h e  1%
COS r u n s .  T h e r e  a r e  numerous  o t h e r  i n s t a n c e s  which do  n o t  s t a n d  o u t
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a s  much a s  t h e s e  two exam ples*  T h i s  *'s c a t t e r "  h a s  b e e n  found  t o  be 
d u e  p r i m a r i l y  t o  v a r y i n g  p a r t i c l e  p r o p e r t i e s  su ch  a s  p o r o s i t y  and 
p a r t i c l e  d i a m e t e r *  Runs 99 and 138 u t i l i z e d  s o l i d s  h a v i n g  p o r o s i t y  
v a l u e s  o f  6 9 # ,  a b o u t  3# h i g h e r  t h a n  most  o f  t h e  o t h e r  p a r t i c l e s .  The 
s o l i d s  i n  t h e s e  r u n s  a l s o  had  s l i g h t l y  s m a l l e r  d i a m e t e r s  t h a n  u s u a l .
Btoth i n c r e a s e d  p o r o s i t y  and s m a l l e r  d i a m e t e r  i n c r e a s e  mass  t r a n s f e r  
r a t e s  i n  a d i f f u s i o n  c o n t r o l l e d  r e a c t i o n .
F i n a l l y ,  t h e r e  i s  n o t  a g r e a t  d e a l  o f  d i f f e r e n c e  i n  t h e  p r e d i c t e d  
t i m e - c o n v e r s i o n  r e l a t i o n s h i p  among t h e  m o d e l s .  The d i f f e r e n c e s  t h a t  
d i d  o c c u r  w e re  m os t  i m p o r t a n t  i n  t h e  i n i t i a l  s t a g e s  o f  t h e  r e a c t i o n  
and  were  g r e a t e r  f o r  low t e m p e r a t u r e s .  The u n r e a c t e d  c o r e  model p r e ­
d i c t e d  t h e  f a s t e s t  i n i t i a l  g l o b a l  r a t e ,  f o l l o w e d  by t h e  g r a i n  and 
v o l u m e t r i c  m o d e l s .  The v a r i a t i o n  b e tw ee n  m o d e ls  may be e x p l a i n e d  a s  
f o l l o w s .  I t  h a s  b e e n  p r e v i o u s l y  shown t h a t  when i n t e r n a l  d i f f u s i o n  
c o n t r o l s ,  t h e  r e a c t i o n  zone d o e s  a p p ro a c h  a s u r f a c e  and t h e  zone 
m o d e l s  a p p r o a c h  t h e  u n r e a c t e d  c o r e  m o d e l .  However ,  a t  low c o n v e r s i o n s  
and  low t e m p e r a t u r e s  t h e  d i f f u s i o n  c o n t r o l l i n g  a s s u m p t i o n  i s  n o t  
t o t a l l y  v a l i d  and one would e x p e c t  a r e a c t i o n  zone o f  f i n i t e  w i d t h  ard 
a c o r r e s p o n d i n g  d i f f e r e n c e  b e tw ee n  model p r e d i c t i o n s .
R e a c t a n t  Gas  C o n c e n t r a t i o n  and T e m p e r a t u r e  E f f e c t s !  F i g u r e s  V I I - 19, 
V I I - 2 0 ,  and V I I - 2 1  compare t h e  p r e d i c t e d  c o n v e r s i o n - t i m e  c u r v e s  f o r  
t h e  t h r e e  m o d e l s  w i t h  e x p e r i m e n t a l  d a t a  f o r  t h e  Ha S/ZnO r e a c t i o n .
The  e f f e c t  o f  Ha S c o n c e n t r a t i o n  can  be  s e e n  by  c o m p ar in g  F i g u r e  V I1 -19  
( 4 . 1 #  Ha S) t o  F i g u r e  V I I - 2 0  ( l . O #  Ha S ) .  Both  o f  t h e s e  r u n s ,  w h ich  
were  n e a r  70O°C, a r e  d e s c r i b e d  f a i r l y  a c c u r a t e l y  by  t h e  m o d e l s .  Note 




















0  Run # 102 d a t a  p o i n t ,  T = 686°C
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Figure V II-19 . Comparison o f P redicted  and Observed Conversion — Time Curves for

















S c a l e  Change
693  C0  Run # 155 d a t a  p o i n t ,  T 
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Figure V II-2 0 . Comparison o f  P red icted  and Observed C onversion  -  Time Curves fo r  Has/Zn0


















Run # 150 d a t a  p o i n t ,  T = 376°S, H3S = 1%0 . 9
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Figure VI1 -2 1 . Comparison o f P red ic ted  and Observed C onversion  — Time Curves for
H2 s/ZnO R ea ctio n , Run ft 150. 221
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t o  r e a c h  a g i v e n  c o n v e r s i o n .  The 4 . 1 $  Ha S r u n  r e q u i r e d  10 m i n u t e s  t o  
r e a c h  6 0 $  c o n v e r s i o n  and t h e  1 . 0 $  Ha S r u n  r e q u i r e d  40  m i n u t e s  t o  r e a c h  
t h e  same c o n v e r s i o n .  As n o t e d  e a r l i e r  t h i s  i s  due  t o  b o t h  r e s i s t a n c e s ,  
d i f f u s i o n a l  and k i n e t i c ,  b e i n g  d i r e c t l y  p r o p o r t i o n a l  t o  r e a c t a n t  g a s  
c o n c e n t r a t i o n .
The  e f f e c t  o f  t e m p e r a t u r e  may b e  s e e n  by  c o m p ar in g  F i g u r e  V I I - 2 0  
(693°C) w i t h  F i g u r e  V I I - 2 1  ( 3 7 6 ° C ) .  T h e r e  i s  n o t  much change  b e tw e e n  
t h e  two s e t s  o f  p r e d i c t e d  c o n v e r s i o n - t i m e  c u r v e s  e x c e p t  t h a t  t h e  
d i f f e r e n c e  b e tw ee n  t h e  u n r e a c t e d  c o r e  model and t h e  zone m o d e l s ,  a s  
p r e v i o u s l y  d i s c u s s e d ,  i s  s l i g h t l y  l a r g e r  a t  t h e  l o w e r  t e m p e r a t u r e .
W hi le  t h e  t i m e  t o  r e a c h  a g i v e n  c o n v e r s i o n  i s  s l i g h t l y  g r e a t e r  f o r  t h e  
lo w e r  t e m p e r a t u r e  ( 4 5 - 5 0  m i n u t e s  v e r s u s  40  m i n u t e s  t o  r e a c h  60$ 
c o n v e r s i o n ) ,  t h a t  d i f f e r e n c e  i s  n o t  s i g n i f i c a n t .  T h i s  weak t e m p e r a t u r e  
d e p en d e n c e  i l l u s t r a t e s  t h e  d i f f u s i o n  c o n t r o l l e d  n a t u r e  o f  t h e  e x p e r i ­
m e n t s .  Note  t h a t  w h i l e  t h e  u n r e a c t e d  c o r e  model a c c u r a t e l y  r e p r e s e n t s  
t h e  i n i t i a l  p a r t  ( f i r s t  10$ c o n v e r s i o n )  o f  t h e  low t e m p e r a t u r e  r u n ,  
none o f  t h e  m o d e ls  d e s c r i b e  t h e  “d i e - o f f "  a s s o c i a t e d  w i t h  t h e  m i d d l e  and 
l a t t e r  s t a g e s  o f  t h e  r e a c t i o n .  As w i l l  be  d i s c u s s e d  l a t e r ,  o n l y  t h e  
g r a i n  model h a s  t h e  p o t e n t i a l  f o r  d e s c r i b i n g  t h i s  phenomenon.  The 
d e s c r i p t i o n  r e q u i r e s  t h e  t r a n s p o r t  o f  t h e  g a s e o u s  r e a c t a n t  a c r o s s  e a c h  
g r a i n ' s  p r o d u c t  l a y e r  t o  become t h e  c o n t r o l l i n g  r e s i s t a n c e .
F i g u r e s  V I1 -2 2  and V I 1 - 2 3  compare t h e  p r e d i c t e d  and o b s e r v e d  c o n -  
v e r s i o n - t i m e  c u r v e s  f o r  t h e  COs/ZnO and Ha S/COS/ZnO r e a c t i o n s ,  r e s p e c ­
t i v e l y .  Both  s e t s  o f  p r e d i c t e d  c u r v e s  a r e  f a i r l y  c l o s e  t o  t h e  a c t u a l  




















Run # 125 d a t a  p o i n t ,  T = 689°C, COS =  4 . 0 #
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F igure V II-2 2 , Comparison o f  P red ic ted  and Observed C onversion  -  Time Curves fo r  '






















©  Run # 164 d a t a  p o i n t ,  T = 690 C, Ha S, COS = 2# ea0 . 5
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F igure V II -2 3 . Comparison o f  P red icted  and Observed C onversion  -  Time Curves fo r
Ha S/COS/ZnO R ea ctio n .
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69 0 °C ,  a r e  d i f f u s i o n  c o n t r o l l e d  t h e  s l i g h t  u n d e r e s t i m a t i o n  o f  c o n v e r ­
s i o n  r a t e s  i s  p r o b a b l y  due t o  u s i n g  a low v a l u e  f o r  e f f e c t i v e  d i f f u s i v i t y .
E q u i v a l e n t  S u l f u r  C o n c e n t r a t i o n s *  F i g u r e  V I I - 2 4  i s  t h e  m o d e l in g  
v e r s i o n  o f  F i g u r e  V I I - 9  i n  w h ich  t h e  c o n v e r s i o n s  o f  t h e  t h r e e  r e a c t i o n s  
a t  e q u a l  t e m p e r a t u r e s  and s u l f u r  c o n c e n t r a t i o n s  a r e  com pared .  F i g u r e  
V I I - 2 4  h a s  t h e  same t r e n d s  a s  d o e s  t h e  e x p e r i m e n t a l  d a t a  i n  F i g u r e  V I I - 9 .  
The  Ha S/COS/ZnO g l o b a l  r e a c t i o n  r a t e  ( r u n  number 164) was t h e  f a s t e s t ,  
f o l l o w e d  by  t h e  Ha Z/ZnO r e a c t i o n  ( r u n  number 1 0 0 ) ,  and t h e n  t h e  COS/ZnO 
r e a c t i o n  ( r u n  number 1 2 5 ) .  T h i s  phenomenon,  w h ich  seems a t  odds  w i t h  
w ha t  tw o  i n d e p e n d e n t  r e a c t i o n s  s h o u ld  d o ,  i s  r e a d i l y  u n d e r s t o o d  when 
one  c o n s i d e r s  t h e  e n t i r e  r e a c t i o n  m o d e l .  The p e l l e t  u s e d  i n  ru n  
number 164 was b o t h  s m a l l e r  and more p o r o u s  t h a n  t h e  p e l l e t s  u s ed  i n  
r u n s  100 and 125.  With  t h e  g l o b a l  r a t e s  b e i n g  c o n t r o l l e d  by  d i f f u s i o n ,  
t h e  more p o r o u s ,  s m a l l e r  p a r t i c l e  r e a c t e d  f a s t e r .
T h i s  e f f e c t  was f u r t h e r  i n v e s t i g a t e d  by  m a t h e m a t i c a l l y  p l a c i n g  
t h e  p e l l e t  from r u n  number 164 i n  r u n  number 100 .  An even  f a s t e r  t i m e -  
c o n v e r s i o n  r e l a t i o n s h i p  was p r e d i c t e d  showing t h a t  a "4% f>u! f u r  ru n "  
i s  f a s t e r  i f  t h e  s u l f u r  i s  a l l  Ha S and n o t  h a l f  Ha S and h a l f  COS,
T h u s  t h e  m o d e l in g  e f f o r t s  p r o v i d e d  an e x p l a n a t i o n  f o r  what seemed t o  
be an u n e x p e c t e d  o c c u r r e n c e .
R e a c t i o n  P r o f i l e *  E x p e r i m e n t a l  e v i d e n c e  o f  t h e  e x i s t e n c e  o f  a 
s h a r p  r e a c t i o n  f r o n t  was e s t a b l i s h e d  u s i n g  an e l e c t r o n  m i c r o p r o b e  a s  
i l l u s t r a t e d  i n  F i g u r e  V I I - 1 4 .  F i g u r e  V I I - 2 5  shows t h e  p r e d i c t e d  c o n ­
v e r s i o n  p r o f i l e  o f  t h e  same ZnO p a r t i c l e .  C o m p a r i so n  o f  t h e  two 
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F igure V II -2 4 . Comparison o f  th e  P red ic ted  and Observed T im e-C onversion Curves for





















U n r e a c t e d  Core  P r o f i l e0 .8
V o l u m e t r i c  P r o f i l e0 . 7
G r a i n  P r o f i l e0 .6
0 . 5
0 . 4  “
0 . 3
0 . 2
0 . 1  0 . 2  0 . 3  0 . 4  0 . 5  0 . 6  0 . 7  0 . 0  0 . 9  1 . 0
D i m e n s i o n l e s s  R ad iu s
F i g u r e  V I I - 2 5 .  P r e d i c t e d  L o c a l i z e d  C o n v e r s i o n  P r o f i l e  a t  
O v e r a l l  C o n v e r s i o n  o f  5 0 ^  f o r  Run Number 
173.
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s h a r p  p r o f i l e  i s  a l s o  c o n s i s t e n t  w i t h  an i n t e r n a l  d i f f u s i o n  c o n t r o l l e d  
r e a c t i o n .
P a r a m e t e r  v a r i a t i o n . I n  o r d e r  t o  more f u l l y  e x p l o r e  t h e  c a p a b i l i t i e s  
o f  t h e  t h r e e  r e a c t i o n  m o d e l s ,  s e l e c t e d  p a r a m e t e r s  i n  e ac h  model were  
v a r i e d .  The low t e m p e r a t u r e  Ha S/ZnO r u n s  r e c e i v e d  s p e c i a l  e m p h as i s  
t o  d e t e r m i n e  w h e t h e r  t h e  p a r a m e t e r  v a r i a t i o n  c o u l d  e x p l a i n  why t h e  
r e a c t i o n  t e r m i n a t e d  a t  40% c o n v e r s i o n .  A l l  p a r a m e t e r s  were k e p t  
c o n s t a n t  o r  e q u i v a l e n t  e x c e p t  f o r  t h e  one  b e i n g  v a r i e d .
U n r e a c t e d  C o re  Model* The two p a r a m e t e r s  v a r i e d  i n  t h e  u n r e a c t e d  
c o r e  model were  p o r o s i t y  and r e a c t i o n  r a t e  c o n s t a n t .  E f f e c t i v e  d i f ­
f u s i v i t y  was d i r e c t l y  a f f e c t e d  by  p o r o s i t y  v a r i a t i o n  a s  shown by  
e q u a t i o n  ( H I - 4 6 ) .  The p o r o s i t i e s  u s e d  were  t h e  i n i t i a l  p o r o s i t y  and a 
" f i n a l  p o r o s i t y "  a s  e s t i m a t e d  by  e q u a t i o n  ( I I I - 1 2 0 ) .  The r a t e  c o n s t a n t  
was s i m p l y  i n c r e a s e d  and d e c r e a s e d  by  a f a c t o r  o f  t e n .  The e f f e c t s  o f  
t h e  v a r i a t i o n  o f  p o r o s i t y  and r a t e  c o n s t a n t  on a s e l e c t e d  low t e m p e r a ­
t u r e  Ha S ^ n O  r u n  (number 150) a r e  shown i n  F i g u r e s  V I1 -2 6  and V I I - 2 7 ,  
r e s p e c t i v e l y .
D e c r e a s i n g  t h e  p o r o s i t y  im p r o v e s  t h e  f i t  t o  t h e  t i m e - c o n v e r s i o n  
p l o t  by  e x t e n d i n g  t h e  c o n v e r s i o n  a c c u r a t e l y  d e s c r i b e d  from 10% t o  20%. 
However ,  i t  d i d  n o t  bend t h e  c u r v e  s u f f i c i e n t l y  t o  d e s c r i b e  t h e  e n t i r e  
r e a c t i o n .  The lo w e r  p o r o s i t y  had a m in im a l  i n f l u e n c e  on t h e  i n i t i a l  
c o n v e r s i o n  r a t e  s i n c e  t h e  u n r e a c t e d  c o r e  model i n i t i a l l y  d o e s  n o t  co n ­
s i d e r  an  i n t e r n a l  d i f f u s i o n  r e s i s t a n c e .  F u r t h e r  r e d u c t i o n  i n  p o r o s i t y  

















O  Run # 150 d a t a  p o i n t ,  T = 376°C, Ha S =  1%
e = 0 . 6 6 9  { i n i t i a l  v a l u e )0 .£  "
e = 0 .4 5 0  [ F i n a l  v a l u e  c a l c u l a t e d  from 
e q u a t i o n  ( I I I - 1 2 0 ) ]  ^
0 . 7
0 . 6 "
0 . 5 .
o  ®
C i  j  »
S c a le  Change
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F igure V II -2 6 , E ffe c t  o f  V a r ia tio n  in  P o r o s ity  on th e  C onversion-Tim e Curve fo r  the




















G Run # 150 d a t a  p o i n t ,  T =  3 76°c ,  Ha S = 1#
= 19 .6  (cniVmg m ole 'm in )  (base case)
= 1 .96  (cn*/mg mole*min)
( ^ k g = 196, (cifl*/mg mole’min)
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F ig u r e  V I I - 2 7 .  E f f e c t  o f  V a r i a t i o n  o f  R a te  C o n s t a n t  on t h e  C onvers ion-Tim e  Curve f o r  
t h e  U nreac ted  Core Model.
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I n c r e a s i n g  t h e  r a t e  c o n s t a n t  b y  a f a c t o r  o f  10 i n c r e a s e d  t h e  
c o n v e r s i o n  r a t e  b u t  n o t  t o  t h e  e x t e n t  t h a t  d e c r e a s i n g  t h e  c o n s t a n t  by  a 
f a c t o r  o f  10 d e c r e a s e d  t h a t  r a t e .  T h i s  shows t h a t  w h i l e  t h e  g l o b a l  
r a t e  i s  n o t  y e t  c o m p l e t e l y  c o n t r o l l e d  by  d i f f u s i o n  ( e s s e n t i a l l y  i n d e ­
p e n d e n t  o f  t h e  r a t e  c o n s t a n t )  a t  376°C, i t  i s  v e r y  c l o s e  t o  t h a t  p o i n t .
F o r  t h e  h i g h  t e m p e r a t u r e  c a s e s ,  i n c r e a s i n g  t h e  r a t e  c o n s t a n t  d i d  n o t  
a p p r e c i a b l y  a f f e c t  t h e  r a t e  o f  c o n v e r s i o n  s i n c e  t h e s e  c a s e s  were 
d i f f u s i o n  c o n t r o l l e d .  I n  none o f  t h e  c a s e s ,  h o w e v e r ,  d i d  c h a n g in g  t h e  
r a t e  c o n s t a n t  s i g n i f i o a n t l y  improve  t h e  " g o o d n e s s "  o f  t h e  f i t  t o  t h e  
t i m e - c o n v e r s i o n  d a t a .
V o l u m e t r i c  Models  I n  t h e  v o l u m e t r i c  model t h e  i n i t i a l  p o r o s i t y  
was a l l o w e d  t o  r e m a i n  c o n s t a n t  o r  d e c r e a s e  t o  some f i n a l  v a l u e  a c c o r d i n g  
t o  e q u a t i o n  ( I I I - 4 7 ) ,  The f i n a l  v a l u e s  o f  t h e  p o r o s i t y  were  t h e  same 
a s  u s e d  f o r  t h e  u n r e a c t e d  c o r e  m o d e l .  I n  a d d i t i o n  t o  t h e  d i r e c t  e f f e c t  
o f  p o r o s i t y ,  e f f e c t i v e  d i f f u s i v i t y  was a l t e r e d  by  c h a n g in g  t h e  e f f e c t i v e  
d i f f u s i v i t y  p a r a m e t e r ,  0 ,  from two t o  t h r e e .  The  r a t e  c o n s t a n t  was 
i n c r e a s e d  and d e c r e a s e d  by a f a c t o r  o f  t e n  and a s eco n d  o r d e r  g a s  r e a c t i o n  
was i n v e s t i g a t e d .  Fo r  t h e  s econd  o r d e r  r e a c t i o n  t h e  r a t e  c o n s t a n t  was 
d i v i d e d  by C^q a c c o r d i n g  t o  e q u a t i o n  (1 1 1 - 7 6 )  t o  k e e p  t h e  r a t e  c o n s t a n t s  
e q u i v a l e n t .
The r e s u l t s  o f  t h e  i n v e s t i g a t i o n  c an  be s e e n  i n  F i g u r e s  V I I - 2 8  
and V I I - 2 9  u s i n g  e x p e r i m e n t a l  c o n d i t i o n s  a s s o c i a t e d  w i t h  r u n  150 .  The 
g l o b a l  r e a c t i o n  r a t e  was d e c r e a s e d  by  d e c r e a s i n g  p o r o s i t y ,  i n c r e a s i n g  
0 ,  i n c r e a s i n g  r e a c t i o n  o r d e r ,  and d e c r e a s i n g  r a t e  c o n s t a n t s .  None o f  
t h e s e  v a r i a t i o n s ,  h o w e v e r ,  made t h e  c o n v e r s i o n - t i m e  c u rv e  a p p r o a c h  t h e  










o  Run #  150 d a t a  p o i n t ,  T
Q  e f  = 0.669, 3 = 2.0
Cf -  0.450, 3 = 2.0
ef = 0.669, 3 = 3.0
ef = 0.450, 3 = 3.0
= 3 7 6 ^ ,  hs s  = ye
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Figure V II-2 8 . E f fe c t  o f  V a r ia tio n  o f P o r o s ity  and E f f e c t iv e  D if fu s io n  Parameter on th e






















O  Run # 150 d a t a  p o i n t ,  T = 376°C, Ha S 
kv = 329 (cma/mg mole m in ) ,  N = 1 ,0  
kv = 3 2 .9  (cm3/mg mole m in ) ,  N = 1 .0
kv = 3290 ( c n ^ / a g  mole m in ) ,
N = 1 .0  
0 * v = 329/CAo, N = 2 .0
O
S ca le  Change 
1 I I
30 40 .50  60
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F ig u r e  V I I - 2 9 .  E f f e c t  of  V a r i a t i o n  o f  Rate  C o n s t a n t  and Gas R e a c t i o n  Order  on t h e  
Convers ion-Tim e  Curve f o r  t h e  V o lu m e t r i c  Model.
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G r a i n  M odel i  I n  t h e  g r a i n  model t h e  r a t e  c o n s t a n t  and t h e  r a t i o  
o f  t h e  g r a i n  e f f e c t i v e  d i f f u s i v i t y  t o  t h e  p a r t i c l e  e f f e c t i v e  d i f f u s i v i t y *  
^eA/^eA» w®1,6 v a r i e d .  ( P a r t i c l e  e f f e c t i v e  d i f f u s i v i t y  was n o t  v a r i e d  
and  was c o n s i d e r e d  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  i n i t i a l  p o r o s i t y . )
I n  r e a l i t y  t h e  g r a i n  e f f e c t i v e  d i f f u s i v i t y  i s  p r o b a b l y  i n d e p e n d e n t  o f  
t h e  p a r t i c l e  e f f e c t i v e  d i f f u s i v i t y ,  b u t  u s i n g  t h i s  r a t i o  h e l p s  i n  
u n d e r s t a n d i n g  t h e  m a g n i tu d e  o f  D^A r e q u i r e d  t o  s u b s t a n t i a l l y  change  t h e  
r e a c t i o n  r a t e .  The r e s u l t s  o f  t h e s e  p a r a m e t e r  v a r i a t i o n s  can  be s e e n  i n  
F i g u r e s  V I I - 3 0  and V I I - 3 1 ,  D e c r e a s i n g  g r a i n  e f f e c t i v e  d i f f u s i v i t y  began  
t o  d e c r e a s e  t h e  r e a c t i o n  r a t e  when became s m a l l e r  t h a n  2 . 2  x 1 0 "* .
S i g n i f i c a n t  c h a n g e s  i n  r a t e  o c c u r r e d  a t  a r a t i o  o f  2 . 2  x 10"1 0 . While  
d e c r e a s i n g  t h e  g r a i n  e f f e c t i v e  d i f f u s i v i t y  c an  s i g n i f i c a n t l y  d e c r e a s e  t h e  
r e a c t i o n  r a t e ,  t h i s  a l o n e  c a n n o t  d e s c r i b e  t h e  low t e m p e r a t u r e  r u n s  s i n c e  
i t  a l s o  d e c r e a s e s  t h e  r a t e  i n  t h e  i n i t i a l  s t a g e s  o f  t h e  r e a c t i o n .  To 
c o m p l e t e l y  d e s c r i b e  t h e  r e a c t i o n ,  g r a i n  d i f f u s i o n  c o n t r o l  would have  t o  
be c o u p l e d  w i t h  h i g h e r  r e a c t i o n  r a t e  c o n s t a n t s .  I t  i s  n o t  f e l t  t h a t  
t h i s  t y p e  ch an g e  h a s  b e e n  e x p e r i m e n t a l l y  j u s t i f i e d .
T h e r e  i s  a p o t e n t i a l  e x p e r i m e n t a l  v e r i f i c a t i o n  o f  t h e  g r a i n  d i f f u s i o n  
c o n t r o l  h y p o t h e s i s  which  was n o t  p u r s u e d .  At r a t i o s  l e s s  t h a n
2 . 2  x 10 - 1 ° ,  t h e  p r e d i c t e d  l o c a l  e x t e n t  o f  r e a c t i o n  i n  t h e  p a r t i c l e  was 
a f l a t  p r o f i l e .  T h a t  i s ,  w i t h i n  a p a r t i c l e ,  t h e  d e g r e e  o f  c o n v e r s i o n  
d i d  n o t  v a r y  w i t h  p a r t i c l e  r a d i u s .  T h i s  p r o f i l e  may b e  c h ec k e d  by  an 
e l e c t r o n  m i c r o p r o b e  t o  s e e  i f  r e a l i t y  and model p r e d i c t i o n s  a g r e e .
Changes  i n  t h e  r a t e  c o n s t a n t  had e s s e n t i a l l y  t h e  same e f f e c t  a s  
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F igure V II-3 0 , E f fe c t  o f  V a r ia tio n  o f Grain E f fe c t iv e  D i f f u s i v i t y  on th e  Conversion-Tim e



















0 .8  
0 . 7  
0 .6
O  Run # 150 d a t a  p o i n t ,  T = 376°C, Hs S = 1%
O  k s
© ks 
©
= 3 .4 7  x 10"* (cm4/mg mole min) 
= 3 .4 7  x 10"8 (cm4/mg mole min)
3 .4 7  x 10~3 (cm*/mg mole 
min)
©
S c a le  Change
F ig u r e  VI1 -3 1 .  E f f e c t  o f  V a r i a t i o n  o f  t h e  R a te  C o n s t a n t  on t h e  Convers ion-T im e  Curves 
f o r  t h e  G ra in  Model.
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None o f  t h e  v a r i a t i o n s  I n  p a r a m e t e r s  c o u l d , by t h e m s e l v e s ,  d e s c r i b e  
t h e  low t e m p e r a t u r e  p r o b l e m s .  The v a r i a t i o n s  w hich  c a u s e d  s u f f i c i e n t  
d e c r e a s e  i n  r a t e  a t  l a r g e  t i m e s  a l s o  c au se d  t o o  l a r g e  a d e c r e a s e  i n  t h e  
i n i t i a l  r a t e .  I f  t h e s e  p a r a m e t e r s  a r e  t o  be  u s e d  t o  d e s c r i b e  t h e  low 
t e m p e r a t u r e  p r o b l e m s ,  t h e y  must be  u s e d  i n  c o n j u n c t i o n  w i t h  a h i g h e r  
r a t e  c o n s t a n t  t o  o f f s e t  t h e i r  e f f e c t  on i n i t i a l  r a t e s .  Of t h e  p a r a m e t e r s  
i n v e s t i g a t e d  o n l y  g r a i n  e f f e c t i v e  d i f f u s i v i t y  seems t o  h ave  t h e  p o t e n t i a l  
t o  d e c r e a s e  t h e  r a t e  s u f f i c i e n t l y  i n  t h e  l a t t e r  s t a g e s  o f  t h e  r e a c t i o n .  
T h e  r a n g e  o f  p o r o s i t y  and 0 which  w ere  i n v e s t i g a t e d  i s  a b o u t  t h e  maximum 
t h a t  can  be  e x p e c t e d .  However ,  a r e a l i s t i c  r a n g e  f o r  g r a i n  e f f e c t i v e  
d i f f u s i v i t y  h a s  n o t  b e e n  e s t a b l i s h e d .  F o r  t h i s  t o  be a r e a s o n a b l e  
m echan ism ,  DeA must c e a s e  t o  be  a s i g n i f i c a n t  r e s i s t a n c e  as  t e m p e r a t u r e  
i n c r e a s e s  s i n c e  t h e  m ode ls  a c c u r a t e l y  d e s c r i b e  t h e  h i g h e r  t e m p e r a t u r e s .  
T h i s  c o u l d  be t r u e  i f  g r a i n  d i f f u s i o n  was an " a c t i v a t e d "  p r o p e r t y  w i t h  
a l a r g e  a c t i v a t i o n  e n e r g y .  A l th o u g h  such b e h a v i o r  i s  c o n s i s t e n t  w i t h  
s o l i d  s t a t e  d i f f u s i o n ,  t h i s  p o t e n t i a l  e x p l a n a t i o n  was n o t  p u r s u e d  
f u r t h e r .
Summary o f  R e s u l t s
S e v e r a l  i n t e r e s t i n g  phenomena were  d i s c o v e r e d  i n  t h i s  work .  Some 
o f  t h e  more p e r t i n e n t  f i n d i n g s  a r e i
(1 )  Below 600°C ,  c o m p le t e  c o n v e r s i o n  t o  ZnS c o u l d  n o t  be o b t a i n e d .  
The  d e g r e e  o f  c o n v e r s i o n  w h ich  c o u l d  be a c h i e v e d  was a f u n c t i o n  o f  
t e m p e r a t u r e  w i t h  t h e  h i g h e s t  c o n v e r s i o n  o b t a i n e d  a t  375°C b e i n g  o n l y  4 0 ^ .
(2 )  Z i n c  o x i d e  d eco m p o ses  n e a r  800°C and a v a p o r  p h a se  r e a c t i o n  
o c c u r s  t o  p r o d u c e  s o l i d  ZnS which  e f f e c t i v e l y  f i l l s  p a r t i c l e  p o r e s  and 
p r e v e n t s  f u r t h e r  r e a c t i o n .
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(3} T h e r e  may be  s i n t e r i n g  e f f e c t s  o c c u r r i n g  a t  t e m p e r a t u r e s  a s  
low a s  500°C .
(4 )  No a p p a r e n t  p r o b le m s  a r e  c a u s e d  b y  t h e  p r e s e n c e  o f  b o t h  Ha S 
and COS i n  t h e  same r e a c t i o n  e n v i r o n m e n t .  No e v i d e n c e  was found t o  
i n d i c a t e  t h a t  t h e  r e a c t i o n s  were  n o t  i n d e p e n d e n t .
( 5 )  The r e a c t i o n s  w i t h  t h e  ZnO p a r t i c l e s  become i n t e r n a l  d i f f u s i o n  
c o n t r o l l e d  b e tw ee n  4 0 0 °  and 500°C.
( 6 )  The  much s i m p l e r  u n r e a c t e d  c o r e  model d e s c r i b e d  t h e  r e a c t i o n s  
a s  w e l l  o r  b e t t e r  t h a n  t h e  more c o m p l i c a t e d  zone  m o d e l s .  However,  o n l y  
t h e  g r a i n  model seems t o  h ave  t h e  p o t e n t i a l  t o  e x p l a i n  t h e  maximum con­
v e r s i o n  p r o b l e m s  e x p e r i e n c e d  a t  t h e  lo w e r  t e m p e r a t u r e .
CHAPTER V III
CONCLUSIONS AND RECOMMENDATIONS
The g e n e r a l  p u r p o s e  o f  t h e  r e s e a r c h  was t o  o b t a i n  s u f f i c i e n t  
i n f o r m a t i o n  t o  e v a l u a t e  ZnO as  a s u l f u r  a c c e p t o r  f o r  a COGAS-type 
p r o c e s s .  Based  on a n a l y s i s  o f  t h e  o b s e r v e d  d a t a ,  i t  h a s  b e en  c o n ­
c l u d e d  t h a t  ZnO would  p r o b a b l y  be most  a c c e p t a b l e  n e a r  600°C f o r  
once  t h r o u g h  u s e .  The r e a s o n s  f o r  t h i s  a re*
(1 )  I n  t h e  u p p e r  t e m p e r a t u r e  r e g i o n s  i n v e s t i g a t e d ,  700°  t o  
800°C,  ZnO decom poses  t o  Zn v a p o r  and 0 3 . Two t h i n g s  may t h e n  o c c u r .
The Zn v a p o r  may r e a c t  v e r y  r a p i d l y  t o  fo rm  a n o n p o ro u s  ZnS s u r f a c e  
l a y e r  on t h e  p a r t i c l e s  and a lm o s t  i n m e d i a t e l y  s t o p  t h e  r e a c t i o n .
T h i s  would r e n d e r  t h e  b u l k  o f  t h e  ZnO i n c a p a b l e  o f  rem ov ing  s u l f u r .
Z i n c  v a p o r  may a l s o  e s c a p e  d o w n s t re am .  I f  t h i s  o c c u r s  t h e r e  w i l l  
a l m o s t  c e r t a i n l y  be s e v e r e  s c a l i n g  p r o b le m s  i n  t h e  c o o l e r  p a r t s  o f  
t h e  p r o c e s s .  T h i s  may a l s o  pose  e n v i r o n m e n t a l  p r o b l e m s ,
( 2 )  E v i d e n c e  o f  s i n t e r i n g  above 500°C h a s  been  found in  b o t h  
t h e  c o m m er ica l  powder  and p e l l e t  r u n s .  T h i s  i n d i c a t e s  c o n s i d e r a b l e  
work would be r e q u i r e d  t o  d e v e l o p  a ZnO p e l l e t  which  c o u ld  w i t h s t a n d  
r e p e a t e d  r e g e n e r a t i o n  c y c l e s  and r e t a i n  i t s  r e a c t i v i t y .
( 3 ) Below 600°C ,  c o m p le t e  c o n v e r s i o n  t o  ZnS c o u ld  n o t  be  o b t a i n e d .  
The d e g r e e  o f  c o n v e r s i o n  w h ich  c o u l d  be a c h i e v e d  was a f u n c t i o n  o f  
t e m p e r a t u r e  w i t h  t h e  h i g h e s t  c o n v e r s i o n  o b t a i n e d  a t  37b°C b e i n g
o n l y  409S.
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O f f s e t t i n g  t h e s e  d r a w b a c k s  t o  some e x t e n t  i s  t h e  f a c t  t h a t  
ZnO w i l l  r e a c t  r a p i d l y  w i t h  b o t h  Ha S and COS. F o r  t h i s  s y s t e m  t h e  
r e a c t i o n s  became d i f f u s i o n  c o n t r o l l e d  b e tw ee n  4 0 0 °  and 500°C.  The 
a c t i v a t i o n  e n e r g y  d e r i v e d  f o r  t h e  Ha s/ZnO r e a c t i o n  was 7 . 2  k c a l / g  mole 
and  f o r  t h e  COS/ZnO r e a c t i o n  i t  was 9 . 4  k c a l / g  m o le .  I n  t h e  e x p e r i ­
m e n t a l  s y s t e m  u s e d  no  e v i d e n c e  o f  i n t e r a c t i o n s  b e tw ee n  t h e  r e a c t i o n s  
o f  ZnO w i t h  Ha S and ZnO w i t h  COS was fo u n d .
In  t h e  m a t h e m a t i c a l  m o d e l i n g  s e c t i o n  o f  t h i s  work i t  was found  
t h a t  t h e  s i m p l e r  u n r e a c t e d  c o r e  model  d e s c r i b e d  t h e  r e a c t i o n s  a s  
w e l l  a s  o r  b e t t e r  t h a n  t h e  more complex zone m o d e l s .  P r e s u m a b l y ,  t h i s  
i s  b e c a u s e  t h e  r e a c t i o n  was d i f f u s i o n  c o n t r o l l e d  t h r o u g h o u t  most o f  
t h e  t e m p e r a t u r e  r a n g e .  ~
O n ly  t h e  g r a i n  m o d e l ,  h o w e v e r ,  seems t o  have  t h e  p o t e n t i a l  t o  
e x p l a i n  t h e  p ro b le m s  o f  i n c o m p l e t e  c o n v e r s i o n  e x p e r i e n c e d  be low  
600°C .  A r a t e  c o n t r o l l i n g  e f f e c t i v e  g r a i n  d i f f u s i v i t y  c o u ld  
e s s e n t i a l l y  k i l l  o f f  t h e  r e a c t i o n  a f t e r  a t h i n  p r o d u c t  l a y e r  i s  
formed on t h e  g r a i n  s u r f a c e .  I f  g r a i n  d i f f u s i o n  i s  an  " a c t i v a t e d 1* 
p r o c e s s  w i t h  a l a r g e  a c t i v a t i o n  e n e r g y ,  i t  c o u l d  e a s i l y  be c o n t r o l l i n g  
a t  t h e  lo w e r  t e m p e r a t u r e s  and e s s e n t i a l l y  o f  no i m p o r t a n c e  a t  t h e  
h i g h e r  t e m p e r a t u r e s .
Fo r  t h i s  s y s t e m ,  no a d v a n t a g e  c o u ld  be found  f o r  u s i n g  t h e  
v o l u m e t r i c  m o d e l .  I t  g e n e r a l l y  p r o v i d e d  t h e  p o o r e s t  " f i t "  t o  t h e  
d a t a  and w i t h  i t s  "N th"  o r d e r  k i n e t i c s  was t h e  most d i f f i c u l t  and 
t im e - c o n s u m in g  t o  s o l v e .
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The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  s u g g e s t  a r e a s  o f  improvement  
i n  b o t h  e x p e r i m e n t a l  t e c h n i q u e  and m o d e l i n g .  Im p rovem en ts  t h a t  can  
be made i n  e x p e r i m e n t a l  t e c h n i q u e  a r e :
( 1 )  The s o l i d  r e a c t a n t  s h o u ld  be  t a i l o r e d  t o  t h e  n e e d s  o f  t h e  
r e s e a r c h .  A h i g h  d e g r e e  o f  u n i f o r m i t y  s h o u ld  e x i s t  b e tw een  d i f f e r e n t  
p a r t i c l e s .  I f  t h e  s t u d y  o f  t h e  c h e m i c a l  s t e p  i n  t h e  r e a c t i o n  i s  o f  
p r i m a r y  i m p o r t a n c e ,  t h e  s o l i d  s h o u ld  have  h i g h  p o r o s i t y ,  l a r g o  p o r e s ,  
and a s m a l l  d i a m e t e r .  T h e s e  p r o p e r t i e s  w i l l  m in im i z e  d i f f u s i o n a l  
r e s i s t a n c e .
(2 )  The s o l i d ' s  p h y s i c a l  p r o p e r t i e s  s h o u l d  be m easu red  b o th  
b e f o r e  and a f t e r  t h e  r e a c t i o n .  T h e s e  m e a s u re m e n ts  s h o u l d  i n c l u d e  
p o r o s i t y ,  p o r e  s i z e ,  and s u r f a c e  a r e a .  A d i r e c t  m easu rem en t  s h o u l d  
be made o f  e f f e c t i v e  d i f f u s i v i t y  o f  e i t h e r  t h e  r e a c t a n t  g a s  o r  a 
s i m i l a r  g a s  i n  t h e  s o l i d  r e a c t a n t .  T h ese  e x p e r i m e n t a l  m e a s u re m e n t s  
w i l l  e n a b l e  t h e  r e l a t i o n s h i p  b e tw een  t h o s e  p a r a m e t e r s  t o  bo e s t a b l i s h e d  
and w i l l  e s t a b l i s h  t h e  v a l i d i t y  o f  t h e  a s s u m p t i o n  t h a t  t h e  p h y s i c a l  
p r o p e r t i e s  do n o t  change  d u r i n g  t h e  r e a c t i o n .
(3)  S e v e r a l  e x p e r i m e n t a l  r u n s  s h o u l d  be  p e r fo rm e d  w i t h  a sm a l l  
t h e r m o c o u p l e  embedded i n  t h e  s o l i d  r e a c t a n t .  With  a t h e r m o c o u p l e  i n  
t h e  p e l l e t ,  i t  w i l l  be i m p o s s i b l e  t o  o b t a i n  a t i m e - c o n v e r s i o n  p r o f i l e  
on t h e  TGA, b u t  t h e  c o n d i t i o n s  can  be  m a tc h ed  t o  o t h e r  e x p e r i m e n t s  in  
w h ich  a t i m e - c o n v e r s i o n  p r o f i l e  i s  o b t a i n e d .  T h e se  e x p e r i m e n t s  w i l l  
p r o v i d e  d i r e c t  m easu rem en t  o f  t e m p e r a t u r e  r i s e  f o r  c o m p a r i s o n  w i t h  
e s t i m a t e d  v a l u e .
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(4 ) E l e c t r o n  m i c r o s c o p e  and m i c r o p r o b e  s c a n s  s h o u ld  i n c l u d e  
m easu rem en t  o f  g r a i n  s i z e  and l o c a l i z e d  c o n v e r s i o n  p r o f i l e s  a t  a 
r a n g e  o f  t e m p e r a t u r e s .  A m e asu re d  g r a i n  d i a m e t e r  c o u ld  be u s e d  
t o  check  t h e  a v e r a g e  g r a i n  d i a m e t e r  e s t i m a t e d  f rom  s u r f a c e  
a r e a  m e a s u r e m e n t s .  L o c a l i z e d  c o n v e r s i o n  p r o f i l e s  c an  be u sed  t o  
d e t e r m i n e  i f  h y p o t h e s i z e d  r e a c t i o n  mechanism s  a r e  c o n s i s t e n t  
w i t h  r e a l i t y .  F o r  i n s t a n c e ,  i f  t h e  r e a c t i o n  i s  c o n t r o l l e d  by 
g r a i n  d i f f u s i o n ,  t h e  l o c a l i z e d  c o n v e r s i o n  p r o f i l e  s h o u ld  be 
f l a t .  A n o n - f l a t  p r o f i l e  would  r u l e  o u t  g r a i n  d i f f u s i o n  c o n t r o l ,
( 5 )  At l e a s t  a few e x p e r i m e n t s  s h o u ld  bo p e r fo rm e d  w i t h  
a g a s  s t r e a m  w h ich  c l o s e  i y  r e s e m b l e s  t h e  e x p e c t e d  c o m p o s i t i o n  o f
a CQGAS-type p r o c e s s .  The g a s e s  i n  a COGAS-type p r o c e s s  a r e  a f a i r l y  
complex  m i x t u r e  and i t  would be b e n e f i c i a l  t o  v e r i f y  t h a t  t h e  r e a c ­
t i o n  r a t e s  o b t a i n e d  i n  t h e  more s im p le  g a s  s t r e a m  a r e  v a l i d  i n  a 
r e a l i s t i c  s y s te m .
Im provem en ts  t h a t  c an  be made i n  t h e  a r e a  o f  m o d e l in g  a r e !
( l )  The e f f e c t s  o f  c h a n g i n g  s o l i d  r e a c t a n t  p r o p e r t i e s  as  f u n c ­
t i o n s  o f  t e m p e r a t u r e ,  c o n v e r s i o n ,  a n d / o r  t im e  s h o u l d  be i n c o r p o r a t e d  
i n  t h e  m o d e l s .  I t  i s  e v i d e n t  t h a t  t h e s e  p r o p e r t i e s  can v a r y  d u r i n g  
t h e  c o u r s e  o f  t h e  r e a c t i o n  and t h a t  t h e y  g r e a t l y  i n f l u e n c e  g l o b a l  
r e a c t i o n  r a t e .  Any r e a l i s t i c  model s h o u l d  a c c o u n t  f o r  t h e s e  c h a n g e s .  
I t  i s  i m p o r t a n t ,  h o w ev er ,  t h a t  c o n s i d e r a t i o n  o f  t h e s e  p a r a m e t e r s  be
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b a s e d  on e x p e r i m e n t a l  m e asu re m e n ts  and n o t  t r e a t e d  a s  a d d i t i o n a l  
a d j u s t a b l e  c o n s t a n t s  t o  " t a i l o r - f i t "  t h e  model  t o  d a t a .
(2 )  The g r a i n  m o d e l ,  t h r o u g h  i t s  g r a i n  e f f e c t i v e  d i f f u s i v i t y  
t e r m ,  seems t o  be t h e  o n l y  model which  can  a c c o u n t  f o r  t h e  " d i e - o f f "  
i n  r e a c t i o n  r a t e  a t  t h e  lo w er  t e m p e r a t u r e s .  T h i s  p o t e n t i a l  e x p l a n a ­
t i o n  s h o u ld  be  f u r t h e r  p u r s u e d .  U n le s s  an e x p e r i m e n t a l  e s t i m a t e  can  
be  o b t a i n e d  f o r  g r a i n  e f f e c t i v e  d i f f u s i v i t y ,  c a r e  s h o u l d  b'< t a k e n
t o  s t a y  w i t h i n  what t h e  l i t e r a t u r e  i n d i c a t e s  t o  be r e a s o n a b l e  bounds  
f o r  t h e  m a g n i tu d e  o f  t h i s  t e r m .
( 3 ) A s im p le  e n e r g y  b a l a n c e  a l l o w i n g  t h e  t e m p e r a t u r e  o f  t h e  
p a r t i c l e ,  a s  a w h o le ,  t o  v a r y  w i t h  o v e r a l l  c o n v e r s i o n  o r  t ime  s h o u l d  
be i n c o r p o r a t e d  i n t o  t h e  m o d e l s .  Fo r  t h e  s y s te m  s t u d i e d ,  t e m p e r a t u r e  
r i s e  a c r o s s  t h e  p e l l e t  was n e g l i g i b l e ,  b u t  t e m p e r a t u r e  r i s e  a c r o s s  
t h e  g a s  f i l m  may have  been  s i g n i f i c a n t  i n  some o f  t h e  ru n s*  T h i s  g a s  
f i l m  t e m p e r a t u r e  r i s e  can be a c c o u n te d  f o r  by  t h i s  s imple  e n e r g y  
b a l a n c e .
NOMENCLATURE
c h a r a c t e r i s t i c  a r e a  f o r  mass  t r a n s f e r  ( u n d e f i n e d  
f u n c t i o n - r e l a t e d  t o  sample pan d i m e n s i o n s ) ,  £a
t o t a l  a v a i l a b l e  s u r f a c e  area o f  s o l i d  re i c t a n t ,
s p e c i f i c  s u r f a c e  a r e a ,  jt2/m
s t o i c h i o m e t r i c  c o e f f i c i e n t  f o r  r e a c t . a n t s  j , A, and 
B, r e s p e c t i v e l y  ( n e g a t i v e )
e x t e r n a l  s u r f a c e  a r e a  o f  s o l i d ,  £S
B io t  number f o r  mass t r a n s f e r ,  k  .r  A>mA s *■ A
d iine ns i  o n 1 e s s gas  c onee  n t r a t  i o n , Cf /C\ o
c o n c e n t r a t i o n  o f  component i ,  A, B, and r e s p r c -
t i v o l y ,  moles/jfc3
heat  c a p a c i t y  o f  s o l i d  r e a c t a n t  and 1 '-a ,
r e s p e c t i v e l y ,  energy/mo Le*T
t o t a l  g a s  p h a se  m o l a r  c o n c e n t r a t i o n ,  me! ^ /j i3 
d i m e n s i o n l e s s  e f f e c t i v e  d i f f u s i v i t y ,  Uf , /l0 
d i a g o n a l  e l e m e n t  on a t r i d i a g o n a l  n i :L i ix
245
c o m b i n a t i o n  o f  Knudsen and m o l e c u l a r  d i f f u s i o n  f o r  
g a s  s p e c i e s  i ,  jfc*/t
D^g b i n a r y  m o l e c u l a r  d i f f u s i v i t y  f o r  s y s t e m  A-B, £8/ t
D e f f e c t i v e  d i f f u s i v i t y  o f  A, £ * / t
Knudsen d i f f u s i o n  c o e f f i c i e n t ,  l a / t
D m o l e c u l a r  d i f f u s i o n  c o e f f i c i e n t  f o r  r e a c t a n t  g a s
m
t h r o u g h  b u lk  g a s  s t r e a m ,  Ha / t
Ds d i a m e t e r  o f  s p h e r i c a l  p a r t i c l e ,  I
a c t i v a t i o n  e n e r g y ,  e n e r g y / m o l e
F f r a c t i o n a l  p u r i t y  o f  ZnO s a m p l e ,  e i t h e r  1 .0  o r
0 .9 4 5 4
G mass  f l u x  o f  b u lk  g a s  s t r e a m ,
AHr  h e a t  o f  r e a c t i o n ,  e n e r g y / m o l e
h e x t e r n a l  h e a t  t r a n s f e r  c o e f f i c i e n t ,  c.. nergy/j t® • t  *T
d i m e n s i o n l o s s  l e n g t h  r a d i a l  segment used  in  
n u m e r i c a l  a n a l y s i s
k thermal  c o n d u c t i v i t y  o f  ZnS, energy/A*t*T
k e f f e c t i v e  ih. im.jl c o n d u c t i v i t y  o f  sol  i 1 t r o d u c t ,c
energy / j fc ' f  *1
t h e r m a l  c o n d u c t i v i t y  o f  b u lk  g a s  p h a s e ,  energy/ jfc*t*T
e x t e r n a l  mass  t r a n s f e r  c o e f f i c i e n t ,  i f t
f r e q u e n c y  f a c t o r ,  u n i t s  a r e  a f u n c t i o n  o f  r e a c t i o n  
e x p r e s s i o n
r e a c t i o n  r a t e  c o n s t a n t  f o r  u n r e a c t e d  c o re  m ode l ,  
u n i t s  a r e  a f u n c t i o n  o f  r e a c t i o n  e x p r e s s i o n
r e a c t i o n  r a t e  c o n s t a n t  f o r  g r a i n  m o d e l ,  u n i t s  a r e  a 
f u n c t i o n  o f  r e a c t i o n  e x p r e s s i o n
a p p a r e n t  r a t e  c o n s t a n t  f o r  p o w d e rs— i n c l u d e s  k i n e t i c  
and mass  t r a n s f e r  o f f e e l  3
r e a c t i o n  r a t e  c o n s t a n t  f o r  v o l u m e t r i c  m o d e l ,  u n i t s  
a r e  a f u n c t i o n  o f  r e a c t * o n  e x p r e s s i o n
s u b d i a g o n a l  e l e m e n t  on a t r i d i a g o n a l  m a t r i x
r e a c t i o n  o r d e r  w i th  r e s p e c t  t o  s o l i d  r e a c t a n t
m o l e c u l a r  w e i g h t ,  m/mole
r e a c t i o n  o r d e r  w i th  r e s p e c t  t o  ga s  i c a c t a n t  
N u s s e l t  number,  ? h r  / k p 
P r a n d t l  number ,  Cp
S chm id t  num ber ,  Ug/pg  Dm 
Sherwood number ,  2 kmA r s/ t )m
number o f  d i m e n s i o n l e s s  r a d i a l  segment usi>d i n  
n u m e r i c a l  a n a l y s i s
p a r t i a l  p r e s s u r e  o f  A i n  b u lk  g a s  s t r e a m
r a t e  o f  h e a t  t r a n s f e r  from p e l l e t  t o  b u lk  g a s  p e l l e t  
r a t e  o f  h e a t  g e n e r a t e d  i n  p e l l e t  by  c h e m i c a l  r e a c t i o n  
u n i v e r s a l  g a s  c o n s t a n t
m o la r  r a t e  o f  p r o d u c t i o n  o f  i ,  A, n ,  o r  a ,  
r e s p e c t i v e l y ,  by  c h e m ic a l  r e a c t i o n  on a volume 
b a s i s ,  m o l o s / i a *t
m o la r  r a t e  o f  p r o d u c t i o n  o f  A o r  !i, sp- c( i v e l y ,  
by c h e m i c a l  r e a c t i o n  on a s u r f a c e  a r " a  b a s i s ,  
molos/Xa • t
r i g h t  hand s i d e  o f  m a t r i x  e q u a t i o n  
r a d i a l  p o s i t i o n  w i t h i n  s o l i d  p e l l e t ,  x 
d i m e n s i o n 1e s s  s o l i d  c o n c e n t r a t i o n ,
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t *  t i m e  f o r  c o m p le te  c o n v e r s i o n ,  t
U s u p e r d i a g o n a l  e l e m e n t  on a t r i d i a g o n a l  m a t r i x
V volume o f  s o l i d  p e l l e t ,  X3
W w e i g h t  o r  m a s s ,  m
Wt w e i g h t  o r  mass  o f  sample  a s  r e c o r d e d  by TGA, m
x f r a c t i o n a l  c o n v e r s i o n  o f  s o l i d  p e l l e t
x l o c a l  d e g r e e  o f  c o n v e r s i o n  ( f r a c t i o n a l )  a I a p o i n t
i n  t h e  s o l i d  p e l l e t
mole t f a c t i o n  o! s i"’c h  ■ AYa
G reek  L e t t e r s
3 e f f e c t i v e  d 5 f fii :■ ! v ! l y  | ,r: I i i O1.,' ! ..V.' c o n s t a n t
w i t h  a  v j  1 U (' b (  ■ l  w< ■ f ■ n : '. f  a  n d  h .  d
> e o^//eo
€ p o r o s i t y
Q„ dim . -nsionlf 'ss  time for  a r a i n  model ,  k,  d . k / r '(j io
0  i i i m - n i  o n ' ■ e ,  f  a m -  f o r  : ! n*’ . a r t d  c e - .  m V  d ,  k C ^ Q
! A  ,
M- I




Mg b u l k  g a s  v i s c o s i t y ,  m/i*t
5 d i m e n s i o n l e s s  r a d i a l  c o o r d i n a t e ,  r/?5
tt p i ,  3 .1416
p^ d e n s i t y  o f  r e a c t a n t ,  m/ £ 3
^  T h i e l e  modu lus  f o r  p e l l e t  i n  t h e  g r a i n  m o d e l ,
r s ^ S c ^ e A
T h i e l e  m odu lus  f o r  g r a i n  i n  t h e  g r a i n  m o d ' l ,
rs ks CsoA'oa'
0 ^ T h . i e le  modulus for  u n r e a c t e d  corn model ,  r 3 k s Cg0/
wv
D ,
T h i e l e  modu lus  f o r  v o l u m e t r i c  m ode l ,
e . '  O H O
S u b s c r i p t s
c c o n d i t i o n s  a t  u n r e a c i e d  c o r e  s u j f a c t
g b u lk  g a s  s t r e a m  m i x t u r e
i  comp or.'-nt A, " ,  o r  S
I t  i t e r a t i o n  d a p  in  n u m e r i c a l  scheme
1 d im en s io n !* e  s r j d l a l  ..egment
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o i n i t i a l  o r  b u l k  c o n d i t i o n s
s c o n d i t i o n s  a t  t h e  p a r t i c l e  s u r f a c e
S u p e r s c r i p t
* d e n o t e s  g r a i n  p r o p e r t i e s  o r  d i f f e r e n t i a t e s  b e tw een





E x p e r i m e n t a l  r u n s  a r e  l i s t e d  i n  n u m e r i c a l  o r d e r  b e g i n n i n g  w i t h  
r u n  number 71 .  Runs number 1 -70  d i d  n o t  c o n t a i n  H2 , CO, o r  C0a t o  
o f f s e t  r e a c t a n t  g a s  d e c o m p o s i t i o n  and a r e  n o t  r e p o r t e d .  Runs number ,  
7 2 ,  74 ,  75 ,  and 97 s u f f e r e d  e q u ip m e n t  m a l f u n c t i o n s ,  r u n s  nuTiber 109-  
123 were COS/ZnO powder r u n s  f o r  which t h e  e f f e c t s  o f  e x t re m e  pan  
s u l f i d a t i o n  c o u ld  n o t  bo c o r r e c t e d ,  and ru n  number 157 was a b l a n k  
r u n  w i t h  no r e a c t a n t  g a s .  T h e r e f o r e ,  t h e s e  r u n s  a r e  n o t  r e i o r t e d  
e i t h e r .
Runs number 71-96  were' i!a j /Z n O  powder e x p e r i m e n t s .  I J .3 .11. g r a d e  
ZnO was u s e d  in  r u n s  number 7 1 -8 9  and co m m erc ia l  g r a d e  ZnO was used  
i n  9 0 - 9 6 .  Runs number 9 8 - 1 0 8 ,  1 4 4 -1 5 6 ,  and 173-176 w i 1 Z/ZnO 
e x p e r i m e n t s  p e r fo rm e d  w i th  commercia l  grad- s p h e r i c a l  ZnO i 0 6 ' t s .
The COd/ZnO and \\a Z/CGa/ZnO e xp e r i men t s  perform', d wif i '  coinin' ' d a l  
g r a d e  s p h e r i c a l  ZnO p e l l a . t s  w a e  runs  1 , ’4 - p t  j ,  158 -17 . ' ,  arm ■ lfy 
r e  s p o c t  ivo  l y .
2 5 3
Run Number 71 Run Number 73
ZnO: U . S . P . Grade Powder ZnO: U . S . P .  Grade  Powder
T r u e  I n i t i a l W eight  2 9 .4 4  mg T ru e  I n i t i a l  W eigh t 2 2 .0 6  mg
Gas Flows (cm3/ m i n )  STP Gas Flows (cm3 /m i n (STP
Na 437 N2 574
Ha S 29 11-3 27
” 3 137 lla 118
R e a c t i o n  T e m p e r a t u r e  326°C R e a c t i o n  T e m p e r a t u r e  373°C
R e c o r d e r  T r a c e s R e c o r d e r  T r a c e  t
Time (min) Weiqht (mg) Time (min) Woiali t (m<
0 . 0 2 9 .8 8 0 . 0 ’.6 5
0 . 5 3 0 .00 0 . 5 2 ' ' .  6 7
1 .0 3 0 .09 1 .0 - . 7 7
1 .5 3 0 .1 5 1 .5 2 2 .8 5
2 . 0 3 0 .1 8 2 . 0 ■2.9?
2 . 5 3 0 .2 0 2 . 5 2 2 .9 7
3 .0 3 0 .2 3 1.0 22.01
3 .5 3 0 , '  ’5 ' r> « J ■■ ;.06
4 . 0 3 0 .0 7 4 . 0 -.03
5 . 0 30.31 5 . 0 . M
6 . 0 30. 35 6 . 0 > 4 30 * • . •
7 . 0 30, 38 7 .0 2 ;,.28
8 . 0 3 0 .4 2 8 .0 .1 j.3 6
1 0 .0 3 0 .4 9 10 .0 ' ’3.44
1 2 .0 30 .54 12 .0 2 3 .52
1 4 .0 3 0 .5 9
1 6 .0 3 0 .64
2 0 .0 8 0 .74
2 5 .0 3 0 .8 2
3 0 .0 3 0 .9 3
3 5 .0 21 .01
4 0 . 0 3 1 . 0 ?
5 0 . 0 31 .26
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Run Number 76 Run Number 77
ZnO: U . S . P . G rade  Powder ZnO: U . S . P .  G rade Powder
T r u e  I n i t i a l W eigh t  1 8 ,5 4  mg T ru e  I n i t i a l  Weight 1 9 .0 5  mg
Gas Flows (cm3/ m i n )  STP Gas Flows (cm3/ m i n ) inT'
767 Ns 771
h3 s 29 H,S 29
^2 133 :la 136
R e a c t i o n  T e m p e r a t u r e  495°C R e a c t i o n  T e m p e r a t u r e  593°C
R e c o r d e r  T r a c e : R e c o r d e r  T r a c e :
Time (min) W eiah t  (Mg) Time (min) Weiuht (mu)
0 . 0 1 9 .44 0 . 0 -0 .2 1
0 . 5 1 9 .4 8 0 . 5 2 0 .2 2
1 .0 1 9 .5 9 1 .0 ‘0 .2 4
1 .5 19 .84 1 .5 ’0 . 3 8
2 . 0 2 0 .0 6 9 . 0 ■47.74
2 . 5 2 0 .2 5 9 . 5 ■' . 13
3 .0 2 0 .4 4 3 .0 ■1 .4  3
3 .5 3 0 .6 0 L'j" 1 • ^ : . 6 ^
4 . 0 2 0 .7 5 4 . 0 0 . 9 3
5 . 0 21 .04 5 . 0 2 * 3 1
6 , 0 21 .04 e .O 1 .(»(»
6 . 0 2 1 .0 7 " . 0 - -.t'9.
7 . 0 2 1 .4 6 7 . 0 9"J. 94
8 . 0 2 1 . 6 3 8 .0 9 j.Uf.
1 0 .0 2 2 .9 0 10 .0 3 3 .^ 8
12 .0 2 2 .1 0 12.0 ’ 1.49
14 , 0 29. 26 1 4 .0 9 3 .5 0
1 6 .0 2.2.39 16.0 3 3.  ‘JO
2 0 . 0 2 2 . 5 8 2 0 .0 2*3.63
2 5 . 0 2 2 .7 2 35 .0 9 3.71
30 .0 9 3.  74
3 5 .0 ' 3 . 7 8
4 0 . 0 9 3 .8 2
4 5 . 0 9 3 .82
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Run Number 78  
ZnO* U . S . P .  G rade  Powder 
T r u e  I n i t i a l  W eigh t  1 9 .4 8  mg 




R e a c t i o n  T e m p e r a t u r e  495°C
R e c o r d e r  T r a c e *
Time (min) W eiah t  (ma)
0 . 0 2 0 .8 3
0 . 5 2 0 .9 0
1 . 0 2 1 .0 4
1 .5 2 1 . 2 3
2 . 0 2 1 .4 0
2 . 5 2 1 .5 5
3 . 0 2 1 .7 0
3 . 5 2 1 .8 2
4 . 0 2 1 .9 4
5 . 0 2 2 .1 5
6 . 0 2 2 . 4 2
7 . 0 2 2 .5 8
8 . 0 2 2 . 7 2
1 0 .0 2 2 .9 5
1 2 .0 2 3 .1 5
1 4 .0 2 3 .3 2
1 6 .0 2 3 .4 6
2 0 . 0 2 3 . 6 7
2 5 . 0 2 3 .8 7
3 0 .0 2 4 .0 0
3 5 .0 2 4 .1 0
4 0 . 0 2 4 .1 9
4 5 . 0 2 4 .2 6
Run Number 79 
ZnO* U . S . P .  G rade  Powder 
T r u e  I n i t i a l  W eigh t  2 0 .4 9  mg 




R e a c t i o n  T e m p e r a t u r e  597°C 
R e c o r d e r  T r a c e *
H5 (min) Woiqht (mq)
0 . 0 2 2 . 2 7
0 . 5 2 2 . 2 8
1 .0 2 2 .3 6
1 . 5 2 2 . 5 2
2 . 0 2 2 .7 4
2 . 5 2 2 .9 4
3 . 0 2 3 . 1 2
3 .5 2 3 .3 0
4 . 0 2 3 .4 6
5 . 0 2 3 .7 4
6 . 0 2 4 .0 0
7 . 0 2 4 . 2 3
8 . 0 2 4 . 4 2
256
Run Number 80 
ZnOi U . S . P .  Grade  Powder 
T r u e  I n i t i a l  W eigh t  1 9 .1 6  mg 




R e a c t i o n  T e m p e r a t u r e  687°C 
R e c o r d e r  T r a c e :
.me (min) W eiah t  (ma)
0 . 0 2 1 . 5 8
0 . 5 2 1 .7 6
1 .0 2 2 . 0 2
1 . 5 2 2 . 1 8
2 . 0 2 2 .4 1
2 . 5 2 2 .6 2
3 . 0 2 2 .8 8
3 .5 2 3 .0 7
4 . 0 2 3 .2 2
4 . 5 2 3 .4 2
5 . 0 2 3 .5 6
6 . 0 2 3 . 8 2
7 . 0 2 4 .0 1
8 . 0 2 4 .2 0
Run Number 81 
ZnO: U . S . P .  G rade  Powder 
T r u e  I n i t i a l  W eigh t  2 2 .6 6  mg 




R e a c t i o n  T e m p e r a t u r e  433°C 
R e c o r d e r  T r a c e :
Time (min) W eiah t  (ma)
0 . 0 2 3 .5 7
0 . 5 2 3 .7 4
1 . 0 2 3 .9 7
1 .5 2 4 .1 6
2 . 0 2 4 .3 4
2 . 5 2 4 .5 0
3 .0 2 4 .6 4
3 .5 2 4 .7 7
4 . 0 2 4 .8 9
5 . 0 2 5 .1 0
6 . 0 2 6 . 2 8
7 . 0 2 5 .4  3
8 . 0 2 5 .5 4
1 0 .0 2 5 .7 6
1 2 .0 2 5 .9 0
1 4 .0 2 6 .0 4
1 6 .0 2 6 .1 6
2 0 .0 2 6 .3 6
2 5 . 0 2 6 .5 0
3 0 .0 2 6 .7 0
3 5 .0 2 6 .8 2
4 0 . 0 2 6 . 9 2
5 0 . 0 2 7 .0 7
6 0 . 0 2 7 .1 9
7 5 .0 2 7 . 3 3
1 0 5 .0 2 7 .4 8
135 .0 ' ;7 .57
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Run Number 82 Run Number 83
ZnOi U . S . P . G rade  Powder ZnO* U . S . P .  Grade Powder
T r u e  I n i t i a l  Weight  2 1 . 4 3  mg T r u e  I n i t i a l  Weight 1 8 .7 0  mg
Gas F lows  (cm3/ m i n )  STP Gas Flows (cm®/min) STP
NS 711 Ns 578
h 8s 16 Hs S 53
Ha 79 H3 211
R e a c t i o n  T e m p e r a t u r e  433°C R e a c t i o n  T e m p e r a t u r e  372°C
R e c o r d e r  T r a c e s R e c o r d e r  T r a c e *
l i m e  ( m i n i W eiqh t - (n ia ) Time (m in) W eiah t  (ma)
0 . 0 2 2 .2 1 0 . 0 1 9 .45
0 . 5 2 2 . 2 8 0 . 5 19.46
1 . 0 2 2 .3 5 1 .0 1 9 .5 2
1 .5 2 2 . 4 7 1 .5 1 9 .5 8
2 . 0 2 2 .5 6 2 . 0 1 9 .5 9
2 . 5 2 2 .6 4 2 . 5 1 9 .6 2
3 . 0 2 2 .7 1 3 . 0 1 9 .6 3
3 . 5 2 2 . 7 8 3 .5 19 .67
4 . 0 2 2 .8 6 4 . 0 1 9 .69
4 . 5 2 2 . 7 3 5 . 0 19.71
5 . 0 2 2 .9 9 6 . 0 19 ,75
6 . 0 2 3 . 1 2 7 . 0 1 9 .7 8
7 . 0 2 3 .2 4 8 . 0 19.81
8 . 0 2 3 .3 4 1 0 .0 1 9 .87
9 . 0 2 3 .4 3 1 2 .0 1 9 .9 2
1 0 .0 2 3 .5 2 1 4 .0 1 9 .9 8
1 6 .0 2 0 .01
2 0 . 0 2 0 .0 9
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Run Number 84 Run Number 85
ZnOi U . S . P .  Grade Powder ZnO: U . S . P .  G rade  Powder
T r u e  I n i t i a l  Weight 2 0 . 4 9  mg T r u e  I n i t i a l  Weight 1 9 .1 9  mg
Gas F lows (cm3/ m i n )  STP Gas Flows (cm3/ m i n ) STP
Na 709 Na 575
Ha S 27 Ha S 18
Ha 142 Ha 89
R e a c t i o n  T e m p e r a t u r e  433°C R e a c t i o n  T e m p e r a t u r e 371°C
R e c o r d e r  T r a c e * R e c o r d e r  T r a c e :
Liras I r a i n l  f l s l a h t  1 m 1 Time (min)  W e ig h t ,  Cm)
0 . 0 2 1 .0 4 0 . 0 19 .56
0 . 5 2 1 .0 5 0 . 5 1 9 .5 7
1 . 0 2 1 .0 6 1.0 1 9 .5 8
1 .5 2 1 .0 7 1 .5 1 9 .5 8
2 . 0 2 1 .1 0 2 . 0 1 9 .5 8
2 . 5 2 1 .1 5 2 . 5 19 .58
3 . 0 2 1 . 1 8 3 .0 1 9 .5 8
3 .5 2 1 .2 4 3 . 5 1 9 .5 9
4 . 0 2 1 . 2 9 4 . 0 19 .60
5 . 0 2 1 . 4 3 5 . 0 19 .62
6 , 0 2 1 .5 4 6 . 0 19.66
7 . 0 2 1 .6 4 7 . 0 1 9 .6 9
8 . 0 2 1 . 7 3 8 . 0 1 9 .7 2
1 0 ,0 21 .91 10 .0 1 9 .77
1 2 .0 2 2 .0 5 1 2 .0 1 9 .8 2
1 4 .0 2 2 .1 9 1 4 .0 1 9 .8 7
1 6 .0 2 2 .3 2 1 6 .0 19 .91
2 0 .0 2 2 .5 5 2 0 .0 1 9 .9 7
2 5 .0 2 2 .8 1 2 5 .0 2 0 .0 6
3 0 .0 2 3 .0 4
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Run Number 86 
ZnOi U .S .  P.  Grade  Powder 
T r u e  I n i t i a l  Weight 2 0 , 5 9  mg 




R e a c t i o n  T e m p e r a t u r e  325°C 
R e c o r d e r  T r a c e *
Time ( m i n i W eigh t  (mg)
0 . 0 2 1 . 0 2
0 . 2 2 1 . 0 3
0 . 4 2 1 .0 4
0 . 6 2 1 .0 9
0 . 8 2 1 .1 5
1 . 0 2 1 .1 7
1 . 5 2 1 .2 1
2 . 0 2 1 .2 4
2 . 5 2 1 . 2 7
3 . 0 2 1 .2 9
3 .5 2 1 . 3 2
4 . 0 2 1 .3 4
5 . 0 2 1 .3 8
6 . 0 2 1 . 4 2
7 . 0 2 1 .4 6
8 . 0 2 1 .4 9
9 . 0 2 1 . 5 2
1 0 .0 2 1 .5 5
1 1 .0 2 1 . 5 8
Run Number 87 
ZnO* U . S . P .  Grade Powder 
T r u e  I n i t i a l  Weight 2 0 .3 5  mg 




R e a c t i o n  T e m p e r a t u r e  782°C
R e c o r d e r  T r a c e *
Time (m in)  Weight  i m a l
0 . 0  2 2 .6 4
0 . 5  2 2 .8 4
1 . 0  2 3 . 2 8
1 .5  3 3 .6 6
2 . 0  2 4 .0 0
2 . 5  2 4 .3 0
3 . 0  2 4 .5 6
3 . 5  24 .81
4 . 0  3 5 .0 3
4 . 5  3 5 .2 6
5 . 0  2 5 .4 6
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Run Number 88 
ZnOi U . S . P .  G rade  Powder 
T r u e  I n i t i a l  Weight  1 9 ,1 5  mg 




R e a c t i o n  T e m p e r a t u r e  371°C 
R e c o r d e r  T r a c e  i
Time tmin) W eight  (mol
0 . 0 1 9 .71
0 . 5 1 9 .7 3
1 . 0 1 9 .76
1 . 5 19 .81
2 . 0 1 9 .86
2 . 5 1 9 .7 3
3 . 0 1 9 .9 8
3 .5 2 0 .0 2
4 . 0 2 0 .0 5
5 . 0 2 0 .1 3
6 . 0 2 0 .1 9
7 . 0 2 0 .2 6
8 . 0 2 0 . 3 2
1 0 .0 2 0 .4 0
1 2 .0 2 0 .4 9
Run Number 89 
ZnQt U . S . P .  G rade  Powder 
T r u e  I n i t i a l  W eigh t  2 1 ,3 0  mg 




R e a c t i o n  T e m p e r a t u r e  68 6 °C 
R e c o r d e r  T r a c e !
W eiah t  (ma)
0 . 0 2 3 . 4 3
0 . 2 2 3 .51
0 . 5 2 3 . 7 3
0 . 7 2 3 . 9 8
1 .0 9 4 .21
2 . 0 2 5 . 0 2
2 . 5 25. 36
3 . 0 9 5 .64
3 .5 2 5 .91
4 . 0 -96.15
5 . 0 9 6 . 5 3
6 . 0 2 6 .8 6
7 . 0 9 7 . 0 3
8 . 0 2 7 .1 6
1 0 .0 2 7 .3 0
1 2 .0 2 7 . 3 8
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Run Number 90 Run Number 91
ZnO* Commerc ia l  Powder 
T r u e  I n i t i a l  W eight  2 2 . 7  mg 
Gas F lows ( c n ^ / m i n )  STP
ZnO* Com m erc ia l  Powder 
T r u e  I n i t i a l  Weight  1 8 .2 4  mg 
Gas F lows  (cm3/ m i n )  STP
Na 769 
Ha S 4 3  
Ha 184 
R e a c t i o n  T e m p e r a t u r e  495°C 
R e c o r d e r  T r a c e s
Time (m in i  W eiah t  (ma)
Na 771
H2 S 44 
Ha 188 
R e a c t i o n  T e m p e r a t u r e  
R e c o r d e r  T r a c e :
Time (min)  Wi
0 . 0 2 3 .7 4 0 . 0
0 . 5 2 3 .51 0 . 5
1 .0 2 3 .8 0 1 .0
1 .5 2 4 .3 0 1 .5
2 . 0 24 .65 7 .0
2 . 5 7 4 .9 1 7 .5
3 .0 2 5 .0 5 3 . 0
3 .5 2 5 .1 6 3 .5
4 . 0 75.21 4 . 0
5 . 0 2 5 . 3 3 5 . 0
6 . 0 2 5 .4 0 6 . 0
8 . 0 2 5 . 5 2 7 . 0
1 0 .0 2 5 . 6 3 8 . 0
1 2 .0 2 5 . 6 9 1 0 .0
1 4 .0 2 5 .7 2 1 2 .0
1 6 .0 2 5 . 7 8 1 4 .0
2 0 . 0 2 5 . 8 9 1 6 .0
2 5 . 0 2 5 .9 6 2 0 . 0
3 0 . 0 2 6 .0 2 2 5 .0
3 0 .0
3 5 .0
4 0 . 0
5 0 . 0






'(. ' .11 
7 0 .3 7  
' ( ' .40  
n0*47 
■0.80 
70 .54  
70.  61 
0 0 .6 6  
2 0 .7 0  
2 0 .7 6  
70 .81  
7 0 .8 6  
7 0 .6 0  
70. 96 
7 1 . 0 ”
. 14
. ; . 1 9  
] . 7 3  
, 1 . 3 0  
7 1.3 6  
71 .4 0
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Run Number 92 
ZnO* Commerc ia l  Powder  
T r u e  I n i t i a l  Weight  2 2 . 9 8  mg 




R e a c t i o n  T e m p e r a t u r e  596°C 
R e c o r d e r  T r a c e *
Time ( m i n i W eiah t  (ma)
0 . 0 2 3 . 4 9
0 . 5 2 3 .7 1
1 .0 2 4 . 1 6
1 . 5 2 4 . 5 3
2 . 0 2 4 . 8 7
2 . 5 2 5 . 1 7
3 . 0 2 5 . 3 8
3 . 5 2 5 . 5 8
4 . 0 2 5 .7 6
5 . 0 2 5 ,9 4
6 . 0 2 6 . 1 9
7 . 0 2 6 .2 1
8 . 0 2 6 .3 1
1 0 .0 2 6 .4 5
1 2 .0 2 6 .7 6
1 4 .0 2 6 .6 4
1 6 .0 2 6 .7 1
2 0 . 0 2 6 .8 9
2 5 .0 2 6 .9 7
3 0 . 0 2 7 . 0 3
3 5 .0 2 7 .0 7
4 0 . 0 2 7 .0 9
4 5 . 0 2 7 .1 4
Run Number 93  
ZnO* Commerc ia l  Powder 
T r u e  I n i t i a l  Weight  2 0 . 4 3  mg 




R e a c t i o n  T e m p e r a t u r e  6 8 6 °C 
R e c o r d e r  T r a c e *
'im e Q niril Weiah t  (ma)
0 . 0 2 2 .2 7
0 . 5 2 3 .6 5
1 . 0 2 3 .1 7
1 . 5 3 3 .5 0
2 . 0 2 3 .8 2
2 . 5 3 4 .1 0
3 .0 24 . 36
3 . 5 3 4 .5 8
4 . 0 3 4 . 7 8
5 . 0 3 5 .0 8
6 . 0 2 6 .2 5
7 . 0 7 5 .3 6
8 . 0 2 6 .4 4
1 0 .0 2 5 .6 0
1 2 .0 2 5 . 6 7
1 4 .0 7 5 . 7 3
1 6 .0 2 5 , 7 9
2 0 .0 2 5 .8 5
2 5 . 0 3.5.94
3 0 .0 25 .56
3 5 . 0 2 5 .9 7
4 0 . 0 2 5 . 9 8
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Run Number 94 
ZrtO* Com m erc ia l  Powder 
T r u e  I n i t i a l  Weight 1 9 . 4 9  mg 




R e a c t i o n  T e m p e r a t u r e  783°C 
R e c o r d e r  T r a c e *
W eioh t  (mg)
0 . 0 2 1 . 6 8
0 . 5 2 2 .0 6
1 . 0 2 2 . 4 7
1 . 5 2 2 .8 5
2 . 0 2 3 . 1 9
2 . 5 2 3 .4 5
3 . 0 2 3 .7 7
3 .5 2 4 .0 2
4 . 0 2 4 . 2 3
5 . 0 2 4 .5 6
6 . 0 2 4 .7 6
7 . 0 2 4 . 8 9
8 . 0 2 4 . 9 3
1 0 . 0 2 4 . 9 7
1 2 . 0 2 4 . 9 8
1 4 . 0 2 4 .9 9
Run Number 95 
ZnO* C om m erc ia l  Power 
T r u e  I n i t i a l  W eigh t  1 0 .5 6  mg 




R e a c t i o n  T e m p e r a t u r e  595°C 
R e c o r d e r  T r a c e *
Time (min) Weight (mq)
0 . 0 1 2 .0 3
0 . 5 12.11
1 . 0 12 .4 6
1 .5 12 .74
2 . 0 12 .94
2 . 5 1 3 .0 8
3 . 0 13 ,16
3 . 5 1 3 .2 3
4 . 0 1 3 .2 8
5 . 0 1 3 .3 5
6 . 0 13 .40
7 . 0 13 ,46
8 . 0 1 3 .5 0
1 0 .0 1 3 .5 5
1 2 . 0 1 3 .5 9
1 4 . 0 1 3 .6 3
1 6 .0 1 3 .66
2 0 . 0 13 .71
2 5 . 0 1 3 .75
3 0 . 0 1 3 .7 9
3 5 . 0 13 .81
4 0 . 0 1 3 .8 3
5 0 . 0 1 3 .85
6 0 . 0 1 3 .89
7 0 . 0 1 3 .9 2
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Run Number 96 
ZnO* Commerc ia l  Power 
T r u e  I n i t i a l  W eigh t  9 . 3 1  mg 




R e a c t i o n  T e m p e r a t u r e  686°C 
R e c o r d e r  T r a c e *
XJjbs_ On in i W eigh t  (mg)
0 . 0 1 0 .7 8
0 . 5 1 0 .9 7
1 . 0 1 1 .2 5
1 . 5 1 1 .4 7
2 . 0 11 .66
2 . 5 1 1 .7 9
3 . 0 1 1 .87
4 . 0 1 2 .07
5 . 0 1 2 .1 3
6 . 0 1 2 .1 6
7 . 0 1 2 .1 9
8 . 0 12 .21
1 0 .0 1 2 .2 5
1 2 .0 1 2 .2 7
1 4 .0 1 2 .2 9
1 6 .0 12 .31
2 0 . 0 1 2 .3 3
2 5 . 0 1 2 .3 6
3 0 . 0 1 2 .3 7
Run Number 98 
ZnO* Com m erc ia l  P e l l e t  
T r u e  I n i t i a l  W eigh t  5 4 . 4 6  mg 
P a r t i c l e  R a d i u s  0 . 1 8 9  cm 




R e a c t i o n  T e m p e r a t u r e  597°C 
R e c o r d e r  T r a c e *
l i m e  (w in ) Weight  (mg)
0 . 0 5 4 .4 6
0 . 5 5 5 .0 1
1 . 0 5 5 . 5 8
1 . 5 5 5 . 9 9
2 . 0 5 6 . 3 7
2 . 5 5 6 . 6 8
3 . 0 5 6 . 9 8
3 . 5 5 7 . 2 3
4 . 0 5 7 .4 6
5 . 0 5 7 . 8 8
6 . 0 5 8 . 2 3
7 . 0 5 8 . 5 9
8 . 0 5 8 . 8 8
1 0 .0 5 9 . 3 8
1 2 . 0 5 9 . 8 6
1 6 .0 6 0 . 6 2
2 0 . 0 6 1 . 2 3
2 5 . 0 6 1 . 8 3
3 0 . 0 6 2 . 3 0
3 5 . 0 6 2 . 6 9
4 0 . 0 6 3 . 0 0
4 5 . 0 6 3 . 2 3
5 0 . 0 6 3 .4 1
5 5 . 0 6 3 .5 1
6 0 . 0 6 3 . 5 8
7 0 . 0 6 3 . 7 0
8 0 .0 6 3 . 7 8
9 0 . 0 6 3 . 8 2
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Run Number 99 
ZnO* C om m erc ia l P e l l e t  
T ru e  I n i t i a l  W eigh t 3 2 .4 1  mg 
P a r t i c l e  R a d iu s  0 .1 6 4  cm 




R e a c t i o n  T e m p e ra tu re  496°C 
R e c o r d e r  T ra c e *
IXm . .(tnUil W eiah t (ma.)
0 . 0 3 3 .0 0
0 . 5 3 3 .1 4
1 .0 3 3 .5 0
1 .5 33 .74
2 .0 3 3 .8 2
2 .5 3 4 .1 0
3 .0 3 4 .2 5
3 .5 3 4 .3 9
4 . 0 3 4 .5 0
4 . 5 34 .61
5 . 0 3 4 .7 0
5 .5 3 4 .8 7
7 .5 3 5 .0 5
8 ,5 3 5 .1 4
9 .5 3 5 .2 3
1 1 .5 3 5 .4 2
1 3 .5 3 5 .5 3
1 7 .5 3 5 .6 9
1 9 .5 3 5 .7 7
2 4 .5 3 5 .8 7
2 9 .5 3 5 .9 8
3 9 .5 3 6 .1 5
4 9 .5 3 6 .2 7
5 9 .5 3 6 .3 6
6 9 .5 3 6 .4 7
7 9 .5 3 6 .5 3
9 9 .5 3 6 .6 8
1 1 9 .5 3 6 .7 9
1 3 9 .5 3 6 ,8 8
1 5 9 .5 3 6 .9 7
1 7 9 .5 3 7 .0 3
1 9 9 .5 3 7 .1 0
2 3 9 .5 3 7 .1 9
2 6 9 .5 3 7 .2 6
Run Number 100 
ZnO* C om m erc ia l P e l l e t  
T ru e  I n i t i a l  W eigh t 4 2 .9 5  mg 
P a r t i c l e  R a d iu s  0 .1 7 7  cm 




R e a c t io n  T e m p e ra tu re  686°C 
R e c o rd e r  T ra c e *
Time Cmin) W eiah t (ma)
0 . 0 4 2 .6 8
0 .1 4 2 .9 7
0 . 7 4 3 .4 6
1 .2 4 3 .9 8
1 .7 4 4 .3 7
2 .2 4 4 .7 2
2 .7 4 5 .0 5
3 .2 4 5 .3 1
3 .7 4 5 .5 6
4 . 2 4 5 .7 8
4 . 7 4 6 .0 0
5 . 7 4 6 .3 6
6 . 7 4 6 .7 0
7 .7 4 6 .9 9
9 .7 4 7 .5 0
1 1 .7 4 7 .9 6
1 3 .7 4 8 .3 5
1 5 .7 4 8 .6 5
1 9 .7 4 9 .1 7
2 1 .7 4 9 .3 9
2 2 .7 4 9 .5 1
2 4 .7 4 9 .6 7
2 9 .7 5 0 .0 1
3 4 .7 5 0 .1 8
3 9 .7 5 0 .2 6
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Run Number 101 
ZnO* C om m ercial P e l l e t  
T ru e  I n i t i a l  W eigh t 4 4 .0 0  mg 
P a r t i c l e  R ad iu s  0 .1 8 0  cm 




R e a c t i o n  T e m p e ra tu re  785°C 
R e c o rd e r  T r a c e t
T im e  ( m i l l ) W e ig h t  b a )
0 . 0 4 4 .0 7
0 . 2 4 4 .3 1
0 . 3 4 4 .3 9
0 . 8 4 4 .7 5
1 .3 4 4 .9 8
1 .8 4 5 .1 2
2 . 3 4 5 .2 4
2 . 8 4 5 .3 3
3 ,3 4 5 .4 0
4 . 3 4 5 .5 3
5 . 3 4 5 .6 2
6 . 3 4 5 .6 8
7 . 3 4 5 .7 4
9 . 3 4 5 .8 0
1 1 .3 4 5 .8 2
1 3 .3 4 5 .8 7
1 5 .3 4 5 .8 9
1 7 .3 4 5 . 9 0
1 9 .3 4 5 .9 0
2 4 .3 4 5 .9 1
2 9 .3 4 5 .9 2
Run Number 102 
ZnO* C om m ercial P e l l e t  
T ru e  I n i t i a l  W eigh t 4 0 ,3 0  mg 
P a r t i c l e  R ad iu s  0 .1 7 2  cm 




R e a c t i o n  T e m p e ra tu re  686°C 
R e c o rd e r  T r a c e :
Time fmin^ W eiah t (ma)
0 .0 4 0 .5 0
0 . 5 4 1 .0 0
1 .0 4 1 .5 7
1 .5 4 2 .0 0
2 .0 4 2 .3 6
2 .5 4 2 .6 7
3 .0 4 2 .9 1
3 ,5 4 3 .1 8
4 . 0 4 3 .3 9
4 . 5 4 3 .6 0
5 . 0 4 3 .7 9
5 . 5 4 3 .9 6
6 . 0 4 4 .1 3
7 .0 4 4 .5 0
8 .5 4 4 .8 9
9 .5 4 5 .1 5
1 1 .5 4 5 .5 2
1 3 .5 4 5 .8 6
1 5 .5 4 6 .1 5
1 7 .5 4 6 .4 3
1 9 .5 4 6 .6 3
2 1 .5 4 6 .8 2
2 3 .5 4 7 ,0 2
2 9 .5 4 7 .3 8
3 4 .5 4 7 .4 8
3 9 .5 4 7 .5 3
4 4 ,5 4 7 .5 9
4 9 .5 4 7 .5 9
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Run Number 103 
ZnO* C om m erc ia l P e l l e t  
T r u e  I n i t i a l  W eigh t 4 1 .6 1  mg 
P a r t i c l e  R a d iu s  0 .1 7 6  cm 




R e a c t io n  T e m p e r a tu r e  597°C 
R e c o rd e r  T ra c e *
Time (m in i W eight (m sl
0 . 0 4 1 .8 3
0 , 5 4 2 .6 3
1 .0 4 3 .2 0
1 .5 4 3 .6 2
2 .0 4 3 .9 8
2 .5 4 4 .2 8
3 .0 4 4 .5 2
3 .5 4 4 .6 9
4 . 0 4 4 .9 0
4 . 5 4 5 .1 0
5 . 0 4 5 .2 9
6 . 0 4 5 .6 2
7 .0 4 5 .9 1
8 .0 4 6 .1 7
9 .0 4 6 .4 1
1 0 .0 4 6 .6 1
1 2 .0 4 6 .9 8
1 4 .0 4 7 .2 7
1 6 .0 4 7 .5 3
1 8 .0 4 7 .7 6
2 0 .0 4 7 .9 5
2 5 .0 4 8 .3 0
3 0 .0 4 8 .5 1
3 5 .0 4 8 .6 0
4 0 .0 4 8 .7 2
4 5 .0 4 8 .7 5
5 0 ,0 4 8 .8 0
5 5 .0 4 8 .8 5
Run Number 104 
ZnO* C om m erc ia l P e l l e t  
T ru e  I n i t i a l  W eigh t 4 3 .2 3  mg 
P a r t i c l e  R a d iu s  0 .1 7 5  cm 




R e a c t i o n  T e m p e ra tu re  597°C 
R e c o rd e r  T r a c e :
Time (m in) W eight (mo)
0 . 0 4 3 .5 6
0 . 3 4 3 .7 6
0 . 8 4 4 .0 5
1 .3 4 4 .2 7
1 .8 4 4 .5 0
2 . 3 4 4 .6 8
2 . 8 4 4 .8 2
3 .3 4 5 .0 1
3 .8 4 5 .1 6
4 . 3 4 5 .3 0
4 . 8 4 5 .4 0
5 . 3 4 5 .5 3
6 . 3 4 5 .8 2
7 .3 4 6 .0 2
9 . 3 4 o .  38
1 1 .3 4 6 .7 2
1 3 .3 4 6 .9 6
1 5 .3 4 7 .2 1
1 9 .3 4 7 .6 9
2 4 .3 4 8 .1 9
2 9 .3 4 8 .5 8
3 4 .3 4 8 .9 7
3 9 .3 4 9 .2 8
4 4 . 3 4 9 .5 3
4 9 .3 4 9 .8 0
5 4 .3 4 9 .9 7
6 4 . 3 5 0 .3 1
7 4 .3 5 0 .6 0
8 4 .3 5 0 .7 5
9 4 .3 5 0 .8 6
1 0 9 .3 5 0 ,8 9
1 2 9 .3 5 0 .9 0
1 4 9 .3 5 0 .9 0
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Run Number 105
ZnOi C om m erc ia l P e l l e t
T r u e  I n i t i a l  W eig h t  6 3 .5 6  mg
P a r t i c l e  R a d iu s  0 .2 0 2  cm




R e a c t i o n  T e m p e ra tu re  597°C 
R e c o rd e r  T r a c e  *
I.ime. (m ini W eiah t  _£ma)
0 . 0 6 3 .0 7
0 . 3 6 3 .2 9
0 . 8 6 3 ,9 3
1 .3 6 4 .4 9
1 .8 6 4 .9 9
2 . 3 6 5 .4 6
2 . 8 6 5 .8 4
3 .3 6 6 .2 2
3 .8 6 6 .5 5
4 . 3 6 6 .8 2
5 . 3 6 7 .4 0
6 . 3 6 7 .8 8
7 . 3 6 8 .3 3
9 . 3 6 9 .0 3
1 1 .3 6 9 .6 6
1 3 ,3 7 0 .1 8
1 5 .3 7 0 .6 7
1 7 .3 7 1 .1 0
1 9 .3 7 1 .4 7
2 4 .3 7 2 .2 8
2 9 .3 7 2 .8 9
3 4 ,3 7 3 .3 7
3 9 .3 7 3 .7 3
4 4 . 3 7 3 .9 2
4 9 . 3 7 4 .0 4
5 9 . 3 7 4 .1 1
6 9 . 3 7 4 .1 7
7 9 . 3 7 4 .1 8
Run NUmber 106 
ZnO* C om m erc ia l P e l l e t  
T ru e  I n i t i a l  W eig h t 4 4 .3 3  mg 
P a r t i c l e  R a d iu s  0 .1 7 7  cm 
Gas F low s (cm3 /m in )  STP 
Na 160
Ha S 8 .5
Ha 34
R e a c t io n  T e m p e ra tu re  597°C 
R e c o rd e r  T ra c e *
Time (mini W eiah t (ma)
0.0 4 4 .1 3
0 . 5 4 4 .4 0
1 .0 4 4 .8 2
1 .5 4 5 .2 8
2 .0 4 5 .6 9
2 .5 4 6 .1 0
3 .0 4 6 .3 8
3 .5 4 6 .7 4
4 . 0 4 7 .0 4
4 . 5 4 7 .2 9
5 , 0 4 7 .5 0
5 .5 4 7 .7 7
6 . 0 4 7 .9 8
6 . 5 4 8 .1 7
7 .0 4 8 .3 7
8 .0 4 8 .7 1
9 .0 4 9 .0 2
1 0 .0 4 9 .3 1
1 2 .0 4 9 .8 0
1 4 .0 5 0 .1 9
1 6 .0 5 0 .4 1
2 0 .0 5 0 .7 0
2 5 .0 5 0 .9 8
3 0 .0 5 1 .1 7
3 5 .0 5 1 .2 6
4 0 .0 5 1 .3 1
5 0 .0 5 1 .3 9
6 0 .0 5 1 .4 2
8 0 .0 5 1 .4 7
1 0 0 .0 5 1 .5 0
1 2 0 .0 5 1 .5 1
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Run Number 107 
ZnOt C om m erc ia l  P e l l e t  
T r u e  I n i t i a l  W eig h t 4 3 .0 6  mg 
P a r t i c l e  R a d iu s  0 .1 7 8  cm 




R e a c t io n  T e m p e ra tu re  433°C 
R e c o r d e r  T r a c e t
Time (m in) W eight (mg)
0 . 0 4 3 .3 4
0 . 5 4 3 .7 7
1 .0 4 4 .1 4
1 .5 4 4 .3 9
2 .0 4 4 .6 2
2 .5 4 4 .7 9
3 .0 4 4 .9 6
3 .5 4 5 .1 1
4 . 0 4 5 .2 3
5 . 0 4 5 ,4 1
6 . 0 4 5 .5 8
7 .0 4 5 .7 1
8 .0 4 5 .8 2
1 0 .0 4 5 .9 9
1 2 .0 4 6 .1 2
1 4 .0 4 6 .2 1
1 6 .0 4 6 .3 0
2 0 .0 4 6 .4 0
2 5 .0 4 6 .5 2
3 0 ,0 4 6 .6 2
3 5 .0 4 6 .6 4
4 0 .0 4 6 .7 4
4 5 . 0 4 6 .8 1
5 0 .0 4 6 .8 4
6 0 . 0 4 6 .9 3
7 0 .0 4 7 .0 2
8 0 .0 4 7 .1 1
9 0 .0 4 7 ,1 4
Run Number 108 
ZnO* C om m ercial P e l l e t  
T r u e  I n i t i a l  W eigh t 5 4 .9 2  mg 
P a r t i c l e  R a d iu s  0 .1 9 2  cm 




R e a c t io n  T e m p e ra tu re  373°C 
R e c o r d e r  T rac e *
Tims (mini W eiah t (ma)
0 . 0 5 5 .1 2
0 .5 5 5 .6 1
1 .0 5 5 .8 5
1 .5 5 6 .0 2
2 .0 5 6 .1 8
2 .5 5 6 .2 9
3 .0 5 6 .4 0
3 .5 5 6 .5 0
4 . 0 5 6 .5 8
4 . 5 5 6 .6 3
5 .0 5 6 .7 0
6 . 0 5 6 .8 1
7 .0 5 6 .9 1
8 .0 5 7 .0 2
1 0 .0 5 7 .1 5
1 2 .0 5 7 .2 8
1 4 .0 5 7 .3 9
1 6 .0 5 7 .4 8
2 0 .0 5 7 .6 2
2 5 .0 5 7 .7 8
3 0 .0 5 7 .8 8
3 5 .0 5 7 .9 6
4 0 .0 5 8 .0 8
5 0 .0 5 8 .2 0
6 0 .0 5 8 .3 0
7 0 ,0 5 8 .3 8
8 0 .0 5 8 .4 6
1 0 0 .0 5 8 .5 8
1 2 0 .0 5 8 .7 0
1 4 0 .0 5 8 .8 1
1 5 0 .0 5 8 .8 7
2 0 0 .0 5 9 .0 5
2 5 0 .0 5 9 .1 3
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Run Number 124 
ZnO: C om m erc ia l P e l l e t
T r u e  I n i t i a l  W eigh t 5 0 .0 4  mg 
P a r t i c l e  R a d iu s  0 .1 8 6  cm 





R e a c t i o n  T e m p e ra tu re  785°C 
R e c o rd e r  T r a c e :
Time ( m i n i W e ia h t  _(mol
0 . 0 5 0 .5 0
0 . 5 5 1 .2 0
1 .0 5 1 .9 5
1 .5 5 2 .4 7
2 .0 5 2 .9 0
2 .5 5 3 .2 6
3 .0 5 3 .6 2
3 .5 5 3 .9 1
4 . 0 5 4 .2 0
5 . 0 5 4 .6 7
6 . 0 5 5 .0 9
7 .0 5 5 .5 1
8 .0 5 5 .8 3
1 0 .0 5 6 .4 0
1 2 .0 5 6 .9 2
1 4 .0 5 7 .3 3
1 6 .0 5 7 .7 1
1 8 .0 5 8 .0 6
2 0 .0 5 8 .3 8
2 5 .0 5 8 .9 8
3 0 .0 5 9 .3 3
3 5 .0 5 9 ,5 0
4 0 .0 5 9 .5 0
Run Number 125 
ZnO: C om m erc ia l P e l l e t
T ru e  I n i t i a l  W eigh t 5 1 .7 3  mg 
P a r t i c l e  R a d iu s  0 .1 8 6  cm 





R e a c t i o n  T e m p e ra tu re  689°C 
R e c o r d e r  T r a c e :
Tins I mill) lflsiaht- (ma)
0 . 0 5 2 .1 6
0 . 5 5 2 .7 5
1 .0 5 3 .3 0
1 .5 5 3 .7 4
2 .0 5 4 .1 2
2 .5 5 4 .4 5
3 .0 5 4 .7 1
3 .5 5 4 .9 6
4 . 0 5 5 .2 0
5 . 0 5 5 .6 1
6 . 0 5 5 .9 8
5 . 0 5 6 .3 2
8 . 0 5 6 .6 1
1 0 .0 5 7 .0 7
1 2 .0 5 7 .5 7
1 4 .0 5 8 .2 6
1 6 .0 5 8 .5 6
1 8 .0 5 8 .8 7
2 0 .0 5 9 .1 5
2 5 .0 5 9 .7 7
3 0 .0 6 0 .2 7
3 5 .0 6 0 .6 8
4 0 .0 6 1 .0 0
4 5 .0 6 1 .2 9
5 0 .0 6 1 .4 6
5 5 .0 6 1 .5 5
6 0 .0 6 1 .6 2
Run Number 126 
ZnO* C om m erc ia l P e l l e t  
T r u e  I n i t i a l  W eigh t 5 0 .0 6  mg 
P a r t i c l e  R ad iu s  0 .1 8 4  cm 
G as F low s (cm s /m in )  STP
Na 841
COS 6 0
c o a 3 0 0
CO 300
R e a c t i o n  T e m p e ra tu re  60O°C 
R e c o rd e r  T rac e *
Time (m in i
0 . 0 5 1 .3 0
0 . 5 5 1 .7 2
1 .0 5 2 .0 0
1 .5 5 2 .2 8
2 .0 5 2 .5 0
2 .5 5 2 .7 0
3 .0 5 2 .9 0
4 . 0 5 3 .2 6
5 , 0 5 3 .5 7
6 . 0 5 3 .8 6
7 .0 5 4 .0 7
8 .0 5 4 .3 3
1 0 .0 5 4 .6 8
1 2 .0 5 5 .0 3
1 4 .0 5 5 .3 4
1 6 .0 5 5 .6 2
1 8 ,0 5 5 .8 4
2 0 .0 5 6 .0 5
2 5 .0 5 6 .5 0
3 0 .0 5 6 .8 8
3 5 .0 5 7 .1 8
4 0 . 0 5 7 .4 3
4 5 . 0 5 7 .6 2
5 0 . 0 5 7 .9 0
6 0 . 0 5 8 .0 4
7 0 .0 5 8 .2 7
8 0 .0 5 8 .4 4
1 0 0 .0 5 8 .6 0
1 2 0 .0 5 8 .8 7
1 4 0 .0 5 9 .0 9
1 6 0 .0 5 9 .2 3
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Run Number 127 
ZnO* C om m erc ia l P e l l e t  
T ru e  I n i t i a l  W eigh t 3 9 ,2 8  mg 
P a r t i c l e  R ad iu s  0 .1 7 5  cm 





R e a c t io n  T e m p e ra tu re  373°C 
R e c o rd e r  T ra c e *
Tims Im in l Wfiiqhi. . ( m l
0 .0 3 9 .7 5
0 .5 3 9 .9 2
1 .0 4 0 .0 5
1 .5 4 0 .1 0
2 .0 4 0 .1 8
2 .5 4 0 .2 1
3 .0 4 0 .2 7
3 .5 4 0 .3 1
4 . 0 4 0 .3 6
5 . 0 4 0 .4 5
6 . 0 4 0 .5 0
7 .0 4 0 .6 0
8 .0 4 0 .6 7
1 0 .0 4 0 .7 6
1 2 ,0 4 0 .8 7
1 4 .0 4 0 .9 2
1 6 .0 4 1 .0 1
1 8 .0 4 1 .0 8
2 0 .0 4 1 .1 7
2 2 .0 4 1 .2 2
2 4 .0 4 1 .2 6
2 6 .0 4 1 .3 1
2 8 .0 4 1 .3 6
3 0 .0 4 1 .3 9
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Run Number 128
ZnOi C om m ercial P e l l e t
T r u e  I n i t i a l  W eigh t 5 0 .3 4  mg
P a r t i c l e  R a d iu s  0 .1 8 5  cm





R e a c t i o n  T e m p e ra tu re  786°C 
R e c o rd e r  T r a c e  i
Time (m in i W eiah t (maJ
0 . 0 5 0 .8 4
0 . 5 5 1 .0 2
1 .0 5 1 .3 0
1 .5 5 1 .6 0
2 .0 5 1 .7 9
2 .5 5 1 .9 2
3 .0 5 2 .0 6
3 .5 5 2 .1 2
4 . 0 5 2 .1 9
4 . 5 5 2 .2 4
5 . 0 5 2 .2 9
6 . 0 5 2 .3 8
7 .0 5 2 .4 6
8 .0 5 2 .4 8
9 . 0 5 2 .5 1
1 0 .0 5 2 .6 0
1 2 .0 5 2 .6 6
1 4 .0 5 2 .7 0
1 6 .0 5 2 .7 4
1 8 .0 5 2 .7 8
2 0 .0 5 2 .8 2
2 2 .0 5 2 .8 3
2 4 .0 5 2 .8 3
2 6 .0 5 2 .8 4
Run Number 129 
ZnO> C om m ercial P e l l e t  
T ru e  I n i t i a l  W eigh t 4 8 .4 4  mg 
P a r t i c l e  R a d iu s  0 .1 8 5  cm 





R e a c t io n  T e m p e ra tu re  495°C 
R e c o rd e r  T r a c e t
ime . (m in) WcJ,9hi (mg)
0 .0 4 9 .2 1
0 . 5 4 9 .6 2
1 .0 4 9 .9 5
1 .5 5 0 .2 3
2 .0 5 0 .4 8
2 .5 5 0 .7 0
3 .0 5 0 .9 1
4 . 0 5 1 .2 7
5 .0 5 1 .5 0
6 . 0 5 1 ,7 3
7 .0 5 1 .9 0
8 .0 5 2 ,0 7
1 0 .0 5 2 .3 5
1 2 .0 5 2 .6 1
1 4 .0 5 2 .7 8
1 6 .0 5 2 .8 9
1 8 .0 5 2 .9 8
2 0 .0 5 3 .0 4
2 2 .0 5 3 .1 2
2 4 .0 5 3 .1 8
2 6 .0 5 3 .2 3
2 8 .0 5 3 .2 7
3 0 .0 5 3 .3 1
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Run Number I X Run Number 131
ZnO* C om m ercial P e l l e t ZnO* C om m ercial P e l l e t
T r u e  I n i t i a l  W eigh t 3 8 .0 7  mg T ru e  I n i t i a l  W eigh t 3 6 .9 9  mg
P a r t i c l e  R a d iu s 0 .1 7 2  cm P a r t i c l e  R ad iu s 0 .1 6 9  cm
Gas F low s (em */m in) STP Gas F low s (cm®/mi n ) STP
Na 841 Na 1171
COS 60 COS 30
C0a 299 COa 150
CO x o CO 150
R e a c t io n  T e m p e ra tu re  497°C R e a c t io n  T e m p e r a tu r e  785°C
R e c o rd e r  T ra c e * R e c o rd e r  T ra c e *
Time (m in ) t t te la lr t  (coal Time (m in) W eiah t (ma)
0 . 0 3 8 .6 2 0 . 0 37 .20
0 .5 3 9 .0 7 0 . 2 3 7 .3 5
1 .0 3 9 . X 0 .4 3 7 .4 9
1 .5 3 9 .5 1 0 . 6 3 7 .6 0
2 .0 3 9 .7 2 0 . 8 3 7 .6 7
2 .5 3 9 .8 4 1 .0 3 7 .7 2
3 .0 4 0 .0 3 1 .2 3 7 .7 7
4 . 0 4 0 .3 2 1 .6 3 7 .8 1
5 . 0 4 0 .5 6 2 .0 3 7 .8 2
6 . 0 4 0 .7 5 3 .0 3 7 .8 2
7 .0 4 0 .9 2 4 . 0 3 7 .8 3
8 .0 4 1 .0 9 5 .0 3 7 .8 3
1 0 .0 4 1 . X 6 . 0 3 7 .8 3
1 2 .0 4 1 .4 9
1 4 .0 4 1 .5 9
1 6 .0 4 1 .6 8
1 8 .0 4 1 .7 2
2 0 .0 4 1 .7 8
2 5 .0 4 1 .9 2
x . o 4 2 .0 3
3 5 .0 4 2 .1 2
4 0 .0 4 2 .2 1
5 0 .0 4 2 .4 3
6 0 .0 4 2 .5 1
8 0 .0 4 2 .6 9
1 0 0 .0 4 2 .8 3
1 2 0 .0 4 2 .9 5
1 4 0 .0 4 3 .0 4
1 6 0 .0 4 3 .1 2
1 8 0 .0 4 3 .2 1
2 0 0 .0 4 3 .2 9
274
Run Number 132 Run Number 133
ZnOt C om m erc ia l P e l l e t ZnO* C om m ercial P e l l e t
T r u e  I n i t i a l  W eigh t 4 4 .4 0  mg T ru e  I n i t i a l  W eigh t 5 4 .1 5  mg
P a r t i c l e  R ad iu s  0 .1 7 8  cm P a r t i c l e  R a d iu s 0 .1 9 2  cm
Gas F low s  ( c n ^ /m in )  STP Gas F low s (cm3/m in )  STP
Na 1172 Na 840
COS 30 COS 60
COa 150 C0a 299
CO 150 CO 300
R e a c t i o n  T e m p e ra tu re  687°C R e a c t io n  T e m p e r a tu r e  433°C
R e c o r d e r  T r a c e : R e c o rd e r  T ra c e *
Time jfmin) W eiah t (ma) Time W eiah t (m al
0 . 0 4 4 .5 3 0 . 0 5 4 .7 3
0 . 5 4 5 .4 0 0 . 5 5 5 .0 9
1 .0 4 5 .9 9 1 .0 5 5 .2 6
1 .5 4 6 .6 1 1 .5 5 5 .4 0
2 .0 4 7 .0 9 2 .0 5 5 .5 5
2 .5 4 7 ,5 6 2 .5 5 5 .6 8
3 .0 4 8 .0 3 3 .0 5 5 .7 9
3 .5 4 8 .3 7 3 .5 5 5 .9 2
4 . 0 4 8 .7 6 4 . 0 5 6 .0 2
5 . 0 4 9 .3 8 5 . 0 5 6 .2 4
6 . 0 4 9 .9 4 6 . 0 5 6 .4 1
7 . 0 5 0 .4 3 7 .0 5 6 .5 8
8 .0 5 0 .8 4 8 .0 5 6 .8 3
1 0 .0 5 1 .4 0 1 0 .0 5 6 .9 5
1 2 ,0 5 1 .7 4 1 2 .0 5 7 .1 4
1 4 .0 5 2 .0 0 1 4 .0 5 7 .3 1
1 6 .0 5 2 .1 8 1 6 .0 5 7 .4 3
2 0 .0 5 2 .2 5 2 0 .0 5 7 .6 3
2 5 .0 5 7 .8 3
3 0 .0 5 7 .9 5
3 5 .0 5 8 .0 7
4 0 . 0 5 8 .1 5
5 0 .0 5 8 ,2 8
6 0 .0 5 8 .4 0
8 0 .0 5 8 .5 8
1 0 0 .0 5 8 .6 8
1 2 5 .0 5 8 .8 3
1 5 0 .0 5 8 .9 2
1 7 5 .0 5 9 .0 1
2 0 0 .0 5 9 .1 0
2 2 5 .0 5 9 .1 6
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Run Number 134 
ZnOt C o m n e rc ia l  P e l l e t  
T r u e  I n i t i a l  W eigh t 5 5 .8 2  mg 
P a r t i c l e  R a d iu s  0 .1 9 4  cm 





R e a c t i o n  T e m p e ra tu re  785°C 
R e c o r d e r  T r a c e i
me (m in) W eiqht (mg)
0 . 0 5 6 .0 4
0 . 2 5 6 .1 3
0 .4 5 6 .2 1
0 .6 5 6 .2 8
0 . 8 5 6 .3 3
1 .0 5 6 .3 8
1 .5 5 6 .4 1
2 .0 5 6 .4 5
2 .5 5 6 .4 7
3 .0 5 6 .4 9
4 . 0 5 6 .5 0
5 . 0 5 6 .5 1
6 . 0 5 6 .5 2
7 .0 5 6 .5 3
8 .0 5 6 .5 3
9 .0 5 6 .5 3
Run Number 135 
ZnOt C o n m e rc ia l  P e l l e t  
T r u e  I n i t i a l  W eigh t 5 6 .4 0  mg 
P a r t i c l e  R a d iu s  0 .1 9 7  cm 
Gas Flow s ( c n ^ /m in )  STP
Ns 1170
COS 30
c o a 150
CO 150
R e a c t io n  T e m p e r a tu r e  598°C 
R e c o rd e r  T ra c e *
Time (m in) W eiah t (ma)
0 . 0 5 7 .0 7
0 .5 5 7 .4 5
1 .0 5 7 .7 0
1 .5 5 7 .9 7
2 .0 5 8 .1 9
2 .5 5 8 .3 6
3 .0 5 8 .5 1
3 .5 5 8 .6 8
4 . 0 5 8 .8 1
5 .0 5 9 .0 9
6 . 0 5 9 .2 7
7 .0 5 9 .4 6
8 . 0 5 9 .6 7
1 0 .0 6 0 .0 0
1 2 .0 6 0 .3 0
1 4 .0 6 0 .6 9
1 6 .0 6 0 .8 6
2 0 .0 6 1 .3 2
2 5 .0 6 1 .7 9
3 0 .0 6 2 .1 9
3 5 .0 6 2 .5 2
4 0 .0 6 2 .8 6
5 0 .0 6 3 .3 7
6 0 .0 6 3 .8 2
8 0 .0 6 4 .5 0
1 0 0 .0 6 5 .0 3
1 2 5 .0 6 5 .4 9
1 5 0 .0 6 5 .8 0
2 0 0 .0 6 6 .2 8
2 5 0 .0 6 6 .6 1
3 0 0 .0 6 6 .8 1
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Run Number 136
ZnOi C o n m e rc ia l  P e l l e t
T r u e  I n i t i a l  W eigh t 5 2 .4 1  mg
P a r t i c l e  R a d iu s  0 ,1 9 0  cm





R e a c t i o n  T e m p e ra tu re  687°C 
R e c o rd e r  T ra c e *
l i m a  (m in ) t t s i a h t  im q )
0 . 0 5 2 .7 1
0 . 5 5 2 .8 3
1 .0 5 3 .0 0
1 .5 5 3 .2 0
2 .0 5 3 .4 0
2 .5 5 3 .5 7
3 .0 5 3 .7 1
3 .5 5 3 .8 6
4 . 0 5 3 .9 9
5 . 0 5 4 .2 6
6 . 0 5 4 .4 6
7 , 0 5 4 .7 0
8 .0 5 4 .9 0
1 0 .0 5 5 .2 6
1 2 .0 5 5 .5 9
i 4 . 0 5 5 .8 9
1 6 . 0 5 6 .1 7
2 0 .0 5 6 .6 8
2 5 .0 5 7 .2 2
3 0 .0 5 7 .7 3
3 5 .0 5 8 .2 5
4 0 .0 5 8 .5 0
5 0 .0 5 9 .1 2
6 0 .0 5 9 .6 0
8 0 .0 6 0 .4 3
1 0 0 .0 6 1 .0 2
1 2 5 .0 6 1 .5 8
Run Number 137 
ZnO* C o n m e rc ia l  P e l l e t  
T ru e  I n i t i a l  W eigh t 3 8 .5 0  mg 
P a r t i c l e  R a d iu s  0 ,1 7 0  cm 





R e a c t i o n  T e m p e r a tu r e  496°C 
R e c o rd e r  T r a c e :
Time Jjoinl weiqht (mal
0 . 0 3 8 .8 0
0 . 5 3 9 .1 0
1 .0 3 9 .3 9
1 .5 3 9 .6 1
2 .0 3 9 .8 2
2 .5 3 9 .9 6
3 .0 4 0 .1 1
3 .5 4 0 .2 4
4 . 0 4 0 .3 5
5 . 0 4 0 .5 9
6 . 0 4 0 .7 5
7 .0 4 0 .9 1
8 .0 4 1 .0 4
1 0 .0 4 1 .3 0
1 2 .0 4 1 .4 9
1 4 .0 4 1 .6 8
1 6 .0 4 1 .8 0
2 0 .0 4 2 .0 2
2 5 .0 4 2 .2 3
3 0 .0 4 2 .3 7
3 5 .0 4 2 .5 0
4 0 .0 4 2 .5 9
5 0 .0 4 2 .7 6
6 0 .0 4 2 .8 7
7 5 .0 4 3 .0 3
1 0 0 .0 4 3 .2 3
1 2 5 .0 4 3 .3 8
1 5 0 .0 4 3 .5 0
2 0 0 .0 4 3 .6 9
2 5 0 ,0 4 3 .8 5
3 0 0 .0 4 3 .9 6
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Run Number 138 Run Number 139
ZnOi C o n m e rc ia l P e l l e t ZnO* C om m erc ia l P e l l e t
T r u e  I n i t i a l  W eigh t 3 3 .9 6  mg T ru e  I n i t i a l  W eigh t 5 3 .6 7  mg
P a r t i c l e  R a d iu s  (3 .1 6 7  cm P a r t i c l e  R a d iu s  0 . 190 cm
Gas Flow s (cm®/min) STP Gas F low s ( c n ^ /m in )  STP
Na 1330 Na 1170
COS 15 COS 30
COa 75 C0S 150
CO 75 CO 149
R e a c t i o n  T e m p e r a tu r e  5 95°C R e a c t i o n  T e m p e ra tu re  432°C
R e c o rd e r  T ra c e * R e c o r d e r  T ra c e *
Time (m in) Weight (roql TimeCmin) W eiah t (ma)
0 . 0 3 4 .2 5 0 . 0 5 3 .7 7
0 . 5 3 4 ,4 3 0 . 5 5 4 .1 8
1 .0 3 4 .6 0 1 .0 5 4 .5 2
1 .5 3 4 .7 7 1 .5 5 4 .8 1
2 .0 3 4 .9 2 2 .0 5 5 .1 0
2 .5 3 5 .0 7 2 .5 5 5 .3 5
3 .0 3 5 .2 1 3 .0 5 5 .6 7
3 .5 3 5 .3 2 3 .5 5 5 .7 5
3 .0 3 5 .4 3 4 . 0 5 5 .9 2
5 . 0 3 5 .6 5 5 . 0 5 6 .1 8
6 . 0 3 5 .8 2 6 . 0 5 6 .4 2
7 .0 3 6 .0 0 7 .0 5 6 .6 1
8 .0 3 6 .1 6 8 . ° 5 6 .8 0
1 0 .0 3 6 .4 6 1 0 .0 5 7 .0 5
1 2 .0 3 6 .7 1 1 2 .0 5 7 .2 4
1 4 .0 3 6 .9 2 1 4 .0 5 7 .3 6
1 6 .0 3 7 .1 2 1 6 .0 5 7 .4 7
2 0 .0 3 7 .5 1 2 0 .0 5 7 .5 8
2 5 .0 . 3 7 .8 8 2 5 .0 5 7 .7 0
3 0 .0 3 8 .1 9 3 0 .0 5 7 .8 0
3 5 .0 3 8 .5 1 3 5 .0 5 7 .8 9
4 0 .0 3 8 .7 5 4 0 .0 5 7 .9 9
5 0 .0 3 9 .1 3 5 0 .0 5 8 .1 5
6 0 .0 3 9 .4 5 6 0 .0 5 8 .2 6
8 0 .0 3 9 .8 1 7 5 .0 5 8 .4 5
1 0 0 .0 4 0 .0 5
1 2 5 .0 4 0 .1 8
1 5 0 .0 4 0 .2 5
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Run Number 140 Run Number 141
ZnO« C o n m e rc ia l P e l l e t ZnO* C om m ercial P e l l e t
T r u e  I n i t i a l  W eigh t 4 0 .8 8  mg T ru e  I n i t i a l  W eight 4 7 .8 2  mg
P a r t i c l e  R a d iu s 0 .1 7 6  cm P a r t i c l e  R a d iu s  0 . 182 cm
Gas F low s (cm®/min) STP Gas Flow s (cm3/m in )  STP
Na 1331 N, 1171
COS 15 COS 30
CO, 75 CO, 150
CO 75 CO 150
R e a c t i o n  T e m p e r a tu r e  494°C R e a c t i o n  T e m p e ra tu re  371°C
R e c o r d e r  T ra c e * R e c o rd e r  T r a c e :
IJjse. Cain) W eiah t  (ma) W eiah t (ma)
0 .0 4 1 .0 5 0 . 0 4 7 .9 0
0 . 5 4 1 .4 1 0 . 5 4 8 .1 9
1 .0 4 1 .7 0 1 .0 4 8 .4 7
1 .5 4 1 .9 7 1 .5 4 8 .7 6
2 .0 4 2 .1 2 2 .0 4 9 .0 0
2 .5 4 2 .3 0 2 .5 4 9 .2 0
3 .0 4 2 .4 5 3 .0 4 9 .3 0
4 . 0 4 2 .7 2 3 .5 4 9 .4 7
5 ,0 4 3 .0 0 5 .0 4 9 .7 9
6 .0 4 3 .1 7 6 . 0 4 9 .9 7
7 .0 4 3 .3 5 7 .0 5 0 .0 6
8 ,0 4 3 .4 7 8 .0 5 0 .1 1
1 0 .0 4 3 .7 6 1 0 .0 5 0 .2 6
1 2 .0 4 4 .0 1 1 2 .0 5 0 .4 0
1 4 .0 4 4 .2 4 1 4 .0 5 0 .4 7
1 6 .0 4 4 .4 0 1 6 .0 5 0 .5 5
2 0 .0 4 4 .7 3 2 0 .0 5 0 .6 5
2 5 .0 4 5 .0 0 2 5 .0 5 0 .7 7
3 0 .0 4 5 .2 5 3 0 .0 5 0 .8 0
3 5 .0 4 5 .4 1 3 5 .0 5 0 .8 7
4 0 .0 4 5 .6 4 4 0 .0 5 0 .9 5
5 0 .0 4 5 .7 5 5 0 .0 5 1 .0 4
6 0 .0 4 5 .9 3 6 0 .0 5 1 .1 3
7 5 .0 4 6 .1 2 7 5 .0 5 1 .2 4
1 0 0 .0 4 6 .3 7 1 0 0 .0 5 1 .4 0
1 2 5 .0 5 1 .4 8
1 5 0 .0 5 1 .5 6
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Run Number 142 Run Number 143
ZnOi C om m erc ia l P e l l e t ZnO* C om m erc ia l P e l l e t
T r u e  I n i t i a l  W eigh t 3 7 .4 2  mg T r u e  I n i t i a l  W eigh t 3 5 .6 3  mg
P a r t i c l e  R a d iu s  0 ,1 6 7  cm P a r t i c l e  R ad iu s  0 . 167 cm
Gas Flow s (cm a/m in )  STP Gas Flows (c n ^ /m in ) STP
Na 1329 Ns 1329
COS 15 COS 15
COa 75 C0a 75
CO 75 CO 75
R e a c t i o n  T e m p e ra tu re  431°C R e a c t io n  T e m p e ra tu re  370°C
R e c o rd e r  T r a c e i R e c o rd e r  T r a c e s
Time (m in) W eigh t lm g) Time (m in) W eiqhi .{m l
0 , 0 3 7 .4 1 0 , 0 3 5 .7 0
0 . 5 3 7 ,6 5 0 , 5 3 5 .9 6
1 .0 3 7 ,9 0 1 .0 3 6 .1 9
1 .5 3 8 .1 5 1 .5 3 6 .4 0
2 .0 3 8 ,3 6 2 .0 3 6 .5 8
2 .5 3 8 .5 7 2 .5 3 6 .7 4
3 .0 3 8 .7 4 3 .0 3 6 .8 7
3 .5 3 8 .8 9 3 .5 3 6 .9 9
4 . 0 3 9 .0 2 4 . 0 3 7 .1 0
5 . 0 3 9 .2 6 5 . 0 3 7 .2 5
6 . 0 3 9 .4 5 6 . 0 3 7 .3 7
7 .0 3 9 .6 0 7 .0 3 7 .4 6
8 .0 3 9 .7 7 8 .0 3 7 .5 2
1 0 .0 3 9 .9 8 1 0 .0 37 .61
1 2 .0 4 0 .1 7 1 2 .0 3 7 .6 8
1 4 .0 4 0 .3 2 1 4 .0 3 7 .7 4
1 6 .0 4 0 .4 3 1 6 .0 3 7 .7 9
2 0 .0 4 0 .6 0 2 0 .0 3 7 .8 7
2 5 .0 4 0 .7 4 2 5 .0 3 7 .9 3
3 0 .0 4 0 .8 5 3 0 .0 3 8 .0 3
3 5 .0 4 0 .9 3 3 5 .0 3 8 .0 7
4 0 .0 4 1 .0 1 4 0 .0 3 8 .1 2
5 0 .0 4 1 .1 6 5 0 .0 3 8 .1 8
6 0 .0 4 1 .2 5 6 0 .0 3 8 .2 6
7 5 .0 4 1 .4 0 7 5 .0 3 8 .3 4
1 0 0 .0 4 1 .5 9 1 0 0 .0 3 8 .4 2
1 2 5 .0 3 8 .5 2
1 5 0 .0 3 8 .6 0
1 7 5 .0 3 8 .7 0
2 0 0 .0 3 8 .7 5
2 2 5 .0 3 8 .8 0
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Run Number 144 
Zn0> C om m erc ia l  P e l l e t  
T ru e  I n i t i a l  W eigh t 4 4 .2 2  mg 
P a r t i c l e  R a d iu s  0 .1 7 8  cm 




R e a c t i o n  T e m p e r a tu r e  597°C 
R e c o rd e r  T ra c e *
Time, (mini W eiah t (ma)
0 . 0 4 4 .3 0
0 . 5 4 4 .7 8
1 .0 4 5 .1 8
1 .5 4 5 .7 3
2 . 0 4 5 .9 8
2 .5 4 6 .1 8
3 .0 4 6 .3 2
4 . 0 4 6 .5 0
5 . 0 4 6 .8 0
6 . 0 4 7 .0 5
7 .0 4 7 .2 7
8 .0 4 7 .4 9
1 0 .0 4 7 .8 5
1 2 .0 4 8 .1 8
1 4 .0 4 8 .4 6
1 6 .0 4 8 .7 1
1 8 .0 4 8 .9 2
2 0 .0 4 9 .1 5
2 5 .0 4 9 .6 3
3 0 .0 4 9 .9 7
3 5 .0 5 0 .2 6
4 0 .0 5 0 .5 2
4 5 .0 5 0 .9 0
5 0 .0 5 0 .8 8
6 0 .0 5 1 .0 8
7 0 .0 5 1 .2 0
8 0 .0 5 1 .2 7
1 0 0 .0 5 1 .3 7
1 2 0 ,0 5 1 .4 5
Run Number 145 
ZnOi C o n m e rc ia l  P e l l e t  
T ru e  I n i t i a l  W eigh t 4 0 .7 2  mg 
P a r t i c l e  R a d iu s  0 .1 7 2  cm 




R e a c t i o n  T e m p e ra tu re  600°C 
R e c o rd e r  T r a c e i
Tj-me tmn) W eiah t (ma_)
0 . 0 4 0 .9 9
0 .5 4 1 .1 8
1 .0 4 1 .4 2
1 .5 4 1 .6 2
2 .0 4 1 .7 8
2 .5 4 1 .9 2
3 .0 4 2 .0 6
3 .5 4 2 .1 8
4 . 0 4 2 .2 8
5 .0 4 2 .4 6
6 .0 4 2 .6 7
7 .0 4 2 .8 0
8 .0 4 2 .9 5
1 0 .0 4 3 .2 2
1 2 .0 4 3 .4 6
1 4 .0 4 3 .7 0
1 6 .0 4 3 .9 0
1 8 .0 4 4 .0 6
2 0 .0 4 4 .2 0
2 5 .0 4 4 .6 1
3 0 .0 4 4 .9 1
3 5 .0 4 5 .1 8
4 0 .0 4 5 .4 6
4 5 .0 4 5 .6 7
5 0 .0 4 5 .8 8
6 0 .0 4 6 .2 3
7 0 .0 4 6 .5 1
8 0 .0 4 6 .7 2
1 0 0 .0 4 7 .1 3
1 2 0 .0 4 7 .3 0
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Run Number 146 
ZnOt C om m erc ia l P e l l e t  
T r u e  I n i t i a l  W eigh t 3 4 .6 6  mg 
P a r t i c l e  R a d iu s  0 .1 6 4  cm 




R e a c t i o n  T e m p e ra tu re  498°C 
R e c o r d e r  T r a c e t
l i m e  (m in ) W eiah t (ma)
0 . 0 3 4 .9 1
0 . 5 3 5 .0 8
1 .0 3 5 .2 9
1 .5 3 5 .4 8
2 .0 3 5 .6 2
2 .5 3 5 .7 2
3 .0 3 5 .8 2
3 .5 3 5 .9 0
4 . 0 3 5 .9 8
5 . 0 3 6 .1 3
6 . 0 3 6 .2 7
7 .0 3 6 .3 8
8 .0 3 6 .4 5
1 0 ,0 3 6 .6 3
1 2 .0 3 6 .8 1
1 4 .0 3 6 .9 6
1 6 .0 3 7 .1 0
1 8 .0 3 7 .2 0
2 0 .0 3 7 .3 1
2 5 .0 3 7 .5 5
3 0 .0 3 7 .7 6
4 0 .0 3 8 .1 9
5 0 .0 3 8 .3 3
6 0 .0 3 8 .5 0
7 0 .0 3 8 .6 2
8 0 .0 3 8 .7 0
1 0 0 .0 3 8 .8 4
1 2 0 .0 3 8 .9 4
1 4 0 .0 3 9 .0 3
1 6 0 .0 3 9 .0 7
Run Number 147 
ZnOt C om m erc ia l  P e l l e t  
T r u e  I n i t i a l  W eigh t 3 8 .8 3  mg 
P a r t i c l e  R a d iu s  0 .1 7 3  cm 




R e a c t io n  T e m p e ra tu re  501°C 
R e c o rd e r  T r a c e t
Time (m in) W eiah t (ma)
0 . 0 3 9 .2 7
0 . 5 3 9 .3 1
1 .0 3 9 .4 5
1 .5 3 9 .5 8
2 .0 3 9 .6 8
2 .5 3 9 .7 9
3 .0 3 9 .8 8
3 .5 3 9 .9 6
4 . 0 4 0 .0 1
5 . 0 4 0 .1 3
6 . 0 4 0 .2 5
7 .0 4 0 .3 4
8 .0 4 0 .4 2
1 0 .0 4 0 .6 1
1 2 .0 4 0 .7 5
1 4 .0 4 0 .9 0
1 6 .0 4 1 .0 5
1 8 .0 4 1 .1 7
2 0 .0 4 1 .2 9
2 5 .0 4 1 .5 3
3 0 .0 4 1 .7 7
3 5 .0 4 1 .9 5
4 0 .0 4 2 .1 1
4 5 .0 4 2 .2 8
5 0 .0 4 2 .4 2
6 0 .0 4 2 .6 7
7 0 .0 4 2 .8 9
8 0 .0 4 3 .0 9
1 0 0 .0 4 3 .4 5
1 2 0 .0 4 3 .6 9
1 4 0 .0 4 3 .8 1
1 8 0 .0 4 3 .9 6
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Run Number 148 
ZnOt C om m erc ia l  P e l l e t  
T r u e  I n i t i a l  W eigh t 3 4 .2 9  mg 
P a r t i c l e  R a d iu s  0 .1 6 2  cm 




R e a c t i o n  T e m p e ra tu re  375°C 
R e c o r d e r  T ra c e *
Time tm in ) W eiah t (ma)
0 . 0 3 4 .8 0
0 . 5 3 4 .9 5
1 .0 3 5 .0 9
1 .5 3 5 .1 7
2 .0 3 5 .2 4
2 .5 3 5 .3 3
3 .0 3 5 .4 2
3 .5 3 5 .4 8
4 . 5 3 5 .5 9
5 . 5 3 5 .7 0
6 . 5 3 5 .7 9
7 .5 3 5 .8 5
9 . 5 3 6 .0 1
1 1 .5 3 6 .1 3
1 3 .5 3 6 .2 5
1 5 .5 3 6 .3 5
1 7 .5 3 6 .4 2
1 9 .5 3 6 .5 1
2 4 .5 3 6 .6 7
2 9 .5 36 . e i
3 9 .5 3 7 .0 0
4 4 .5 3 7 .0 8
Run Number 149 
ZnOi C om m erc ia l  P e l l e t  
T ru e  I n i t i a l  W eig h t  5 5 .2 0  mg 
P a r t i c l e  R a d iu s  0 . 1 9 7  cm 




R e a c t i o n  T e m p e ra tu re  376°C 
R e c o r d e r  T ra c e *
T i n s  ( m in i WLeiqhi Qua!
0 . 0 5 5 .4 7
0 . 5 5 b ,  6 3
1 .0 5 5 .9 5
1 .5 5 6 .1 9
2 .0 5 6 .4 0
2 .5 5 6 .5 7
3 .0 5 6 .7 2
3 .5 5 6 .8 6
4 . 0 5 6 .9 9
5 . 0 5 7 .2 2
6 . 0 5 7 .4 1
7 .0 5 7 .6 2
8 .0 5 7 .7 7
1 0 .0 5 8 .0 4
1 2 .0 5 8 .2 8
1 4 .0 5 8 .4 7
1 6 .0 5 8 .6 5
1 8 .0 5 8 .7 9
2 0 .0 5 8 .9 3
2 5 .0 5 9 .2 2
3 0 .0 5 9 .4 7
3 5 .0 5 9 .5 8
4 0 .0 5 9 .6 9
4 5 .0 5 9 .8 0
5 0 .0 5 9 .8 8
6 0 .0 5 9 .9 6
8 0 .0 6 0 .1 2
1 0 0 .0 6 0 .1 8
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Run Number 150 
ZnO* C o n m e rc ia l  P e l l e t  
T r u e  I n i t i a l  W eigh t 3 7 .7 1  mg 
P a r t i c l e  R a d iu s  0 .1 6 9  cm 




R e a c t i o n  T e m p e ra tu re  376°C 
R e c o rd e r  T ra c e *
Time (m in) W eiah t (ma)
0 .0 3 8 .2 2
0 . 5 3 8 .2 4
1 .0 3 8 .3 9
1 .5 3 8 .5 3
2 .0 3 8 .6 0
2 .5 3 8 .7 3
3 .0 3 8 .8 2
3 .5 3 8 .9 2
4 . 0 3 8 ,9 6
5 . 0 3 9 ,1 0
6 . 0 3 9 .2 2
7 .0 3 9 .3 3
8 .0 3 9 .4 2
1 0 .0 3 9 .5 7
1 2 .0 3 9 ,6 9
1 4 .0 3 9 .8 0
1 6 .0 3 9 ,9 5
1 8 .0 4 0 ,0 2
2 0 .0 4 0 .1 2
2 5 .0 4 0 ,3 4
3 0 .0 4 0 .4 5
3 5 .0 4 0 .5 7
4 0 . 0 4 0 .6 7
4 5 .0 4 0 .7 3
5 0 .0 4 0 .8 0
6 0 .0 4 0 .8 6
7 0 .0 4 0 .9 1
9 0 .0 4 0 .9 6
1 0 0 .0 4 1 .0 0
1 2 0 .0 4 1 .0 4
1 4 0 .0 4 1 .0 9
1 8 0 .0 4 1 .1 2
2 2 0 .0 4 1 .2 0
2 6 0 .0 4 1 .2 3
Run Number 151 
ZnO: C om m erc ia l P e l l e t
T ru e  I n i t i a l  W eigh t 3 9 .5 4  mg 
P a r t i c l e  R a d iu s  0 .1 7 4  cm 




R e a c t io n  T e m p e ra tu re  4 39°C
R e c o rd e r  T r a c e :
Time (m in) W aiah t (ma)
0 . 0 4 0 .0 5
0 . 5 4 0 .2 5
1 .0 4 0 .3 7
1 .5 4 0 .5 3
2 .0 4 0 .6 7
2 .5 4 0 .7 4
3 .0 4 0 .8 3
3 .5 4 0 .9 2
4 . 0 4 0 .9 9
5 .0 41„ 13
6 .0 4 1 .2 6
7 .0 4 1 .3 7
8 .0 4 1 .4 6
1 0 .0 4 1 .6 3
1 2 .0 4 1 .8 2
1 4 .0 4 1 .9 6
1 6 .0 4 2 .0 8
1 8 .0 4 2 .1 8
2 0 .0 4 2 .2 8
2 5 .0 4 2 .4 8
3 0 .0 4 2 .7 1
3 5 .0 4 2 .8 3
4 0 .0 4 2 .9 7
4 5 .0 4 3 .1 0
5 0 .0 4 3 .1 9
6 0 ,0 4 3 .3 8
7 0 .0 4 3 .5 0
8 0 .0 4 3 .6 0
1 0 0 .0 4 3 .7 0
1 2 0 .0 4 3 .7 9
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Run Number 152
ZnOi C o n m e rc ia l  P e l l e t
T ru e  I n i t i a l  W eight 3 7 ,9 4  mg
P a r t i c l e  R a d iu s  0 .1 7 1  cm




R e a c t i o n  T e m p e ra tu re  439°C 
R e c o rd e r  T r a c e :
Time (m in) K te ish t Jraal
0 . 0 3 8 .3 7
0 . 5 3 8 .7 0
1 .0 3 8 .9 0
1 .5 3 9 .0 5
2 .0 3 9 .2 0
2 .5 3 9 .3 3
3 .0 3 9 .4 3
3 .5 3 9 .5 2
4 . 0 3 9 .6 1
5 . 0 3 9 .7 6
6 . 0 3 9 .91
7 .0 4 0 .0 3
8 .0 4 0 .1 4
1 0 .0 4 0 ,3 5
1 2 .0 4 0 .4 8
1 4 .0 4 0 .6 5
1 6 .0 4 0 .7 8
2 0 .0 4 1 .0 0
2 5 .0 4 1 .2 2
3 0 .0 4 1 .3 8
3 5 .0 4 1 .5 1
4 0 .0 4 1 .6 0
5 0 .0 4 1 .7 2
6 0 .0 4 1 .8 0
8 0 .0 4 1 ,9 2
1 0 0 .0 4 2 ,0 2
1 2 0 .0 4 2 .0 9
Run Number 153
ZnOi C om m ercial P e l l e t
T ru e  I n i t i a l  W eigh t 3 5 .9 0  mg
P a r t i c l e  R a d iu s  0 .1 6 8  cm




R e a c t i o n  T e m p e ra tu re  692°C
R e c o r d e r  T r a c e i
Time (m in) Weiaht (i
0 . 0 3 6 .2 8
0 . 5 3 6 .4 6
1 .0 3 6 .7 4
1 .5 3 7 .01
2 .0 3 7 .2 0
2 .5 37 .41
3 .0 3 7 ,5 8
3 ,5 3 7 .7 2
4 . 0 3 7 .8 4
5 . 0 3 8 .1 1
6 . 0 3 8 .3 1
7 .0 3 8 .5 3
8 .0 3 8 .7 2
1 0 .0 3 9 .0 5
12 .0 3 9 .3 6
1 4 .0 3 9 .5 9
1 6 .0 3 9 .7 4
2 0 .0 4 0 .2 5
2 5 .0 4 0 .6 4
3 0 .0 4 0 .9 7
3 5 .0 4 1 .2 7
4 0 .0 4 1 .5 4
5 0 .0 4 1 .9 2
6 0 .0 4 2 .1 8
7 0 .0 4 2 .2 9
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Run Number 154 Run Number 155
ZnOi C om m ercial P e l l e t ZnOi C om m erc ia l P e l l e t
T r u e  I n i t i a l  W eigh t 3 6 .2 2  mg T r u e  I n i t i a l  W eight 4 4 .7 3  mg
P a r t i c l e  R ad iu s  0 ,1 6 7  cm P a r t i c l e  R a d iu s  0 .1 8 1 cm
Gas F low s (cma /m in )  STP Gas F low s (cm3/m in )  STP
N8 1410 Na 1410
H3 S 15 Ha S 15
Ha 14 Ha 74
R e a c t i o n  T e m p e ra tu re  60 6 °C R e a c t io n  T e m p e ra tu re 693°C
R e c o rd e r  T ra c e * R e c o rd e r  T ra c e *
Time Cmin) W eiah t (ma) Time (m in) W e iq h L (m d l
0 . 0 3 6 .71 0 . 0 4 4 .8 7
0 . 5 3 6 .8 5 0 . 5 4 5 .0 7
1 .0 3 7 .00 1 .0 4 5 .3 4
1 .5 3 7 .1 0 1 .5 4 5 .5 2
2 .0 3 7 ,2 4 2 .0 4 5 .7 0
2 .5 3 7 .3 4 2 .5 4 5 .8 4
3 .0 3 7 .4 2 3 .0 4 5 .9 7
3 .5 3 7 .54 3 .5 4 6 .1 2
4 . 0 3 7 .61 4 .0 4 6 .2 3
5 .0 3 7 .7 7 5 .0 4 6 .4 7
6 . 0 3 7 .90 6 .0 4 6 .6 7
7 .0 3 8 .0 3 7 .0 4 6 .8 8
8 .0 3 8 .1 6 8 .0 4 7 .0 8
1 0 .0 3 8 .3 9 1 0 .0 3 7 .4 3
1 2 .0 38 .61 1 2 .0 4 7 .7 2
1 4 .0 3 8 .7 9 1 4 .0 4 7 .9 8
1 6 .0 3 8 .9 6 1 6 .0 4 8 .2 2
2 0 .0 3 9 .2 7 2 0 .0 4 8 .6 8
2 5 .0 3 9 .5 9 2 5 .0 4 9 .1 3
3 0 .0 3 9 .8 7 3 0 .0 4 9 .5 1
3 5 .0 40.1 .2 3 5 .0 4 9 .8 9
4 0 ,0 4 0 .3 6 4 0 .0 5 0 .1 8
5 0 .0 4 0 .7 7 5 0 .0 5 0 .6 5
6 0 .0 4 1 .1 1 6 0 .0 5 1 .0 0
8 0 .0 4 1 .6 6 8 0 .0 5 1 .5 3
1 0 0 .0 4 2 .0 6 1 0 0 .0 5 1 .8 7
1 4 0 .0 4 2 .5 6 1 2 0 .0 5 2 .0 8
1 8 0 .0 4 2 .7 3 1 4 0 .0 5 9 .1 9
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Run Number 156 
ZnOi C om m ercial P e l l e t  
T ru e  I n i t i a l  W eight 5 4 .5 9  mg 
P a r t i c l e  R ad iu s  0 .1 8 9  cm 




R e a c t i o n  T e m p e ra tu re  789°C 
R e c o r d e r  T r a c e :
Time (m in) W eigh t (mg) 
No r e a c t i o n
Run Number 158 
ZnOi C om m ercial P e l l e t  
T ru e  I n i t i a l  W eigh t 3 8 .0 6  mg 
P a r t i c l e  R a d iu s  0 .1 7 1  cm 






R e a c t i o n  T e m p e ra tu re  G04°C
R e c o r d e r  T r a c e :
Time (Min) W eiuht (mg)
0 . 0 3 8 .6 3
0 . 5 3 8 .9 1
1 .0 39 .11
1 .5 39 .31
2 . 0 3 9 .5 0
2 .5 3 9 .6 3
3 .0 3 9 .7 6
3 .5 3 9 .8 9
4 . 0 4 0 .0 2
5 .0 4 0 .2 3
6 .0 4 0 .4 0
7 .0 4 0 .5 9
8 .0 4 0 .7 5
1 0 .0 4 1 .0 4
1 2 .0 4 1 .3 6
1 4 .0 4 1 .5 8
1 6 .0 4 1 .7 8
2 0 .0 4 2 .1 8
2 5 .0 4 2 .5 7
3 0 .0 4 2 .9 2
3 5 .0 4 3 .2 5
4 0 .0 4 3 .5 2
5 0 .0 4 3 .9 9
6 0 .0 4 4 .3 4
7 5 .0 4 4 .7 5
1 0 0 .0 4 5 .0 7
1 2 5 .0 4 5 .2 3
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Run Number 159 Run Number 160
ZnOi C om m erc ia l P e l l e t ZnO* C om m ercial P e l l e t
T ru e  I n i t i a l  W eight 3 3 .3 3  mg T ru e  I n i t i a l  W eight 3 8 .6 7  mg
P a r t i c l e  R a d iu s 0 .1 5 8  cm P a r t i c l e  R a d iu s  0 . 166 cm
Gas F low s (cm®/min) STP Gas Flow s (cm3/m in ) STP
Na 1322 Na 1323
Ha S 15 Ha S 15
COS 15 COS 15
COa 75 C03 75
CO 75 CO 75
R e a c t i o n  T e m p e ra tu re  502°C R e a c t i o n  T e m p e ra tu re  690°C
R e c o r d e r  T ra c e * R e c o rd e r  T ra c e *
Time (m in ) W eiqh t (mq) Time (m in) W eiunt (mq)
0 . 0 3 3 .7 2 O.C 3 8 .7 6
0 . 5 3 3 .9 6 0 .5 38 .91
1 .0 3 4 .1 3 1 .0 3 9 .2 0
1 .5 3 4 .2 5 1 .5 3 9 .4 9
2 . 0 3 4 .3 5 2 .0 3 9 .7 2
2 .5 3 4 .4 6 2 .5 3 9 .9 4
3 .0 3 4 .5 3 3 .0 4 0 .1 0
3 .5 3 4 .6 1 3 .5 4 0 .2 8
4 . 0 3 4 .6 8 4 . 0 4 0 .4 1
5 . 0 3 4 .8 3 5 . 0 4 0 .7 0
6 . 0 3 4 .9 4 6 .0 4 1 .0 0
7 .0 3 5 .0 4 7 .0 4 1 .2 0
8 .0 3 5 .1 3 8 .0 4 1 .4 0
1 0 .0 3 5 .3 1 1 0 .0 4 1 .7 8
1 2 .0 3 5 .4 6 1 2 .0 4 2 .1 2
1 4 .0 3 5 .5 9 1 4 .0 4 2 .4 0
1 6 .0 3 5 .7 1 1 6 .0 4 2 .6 4
2 0 .0 3 5 .9 2 2 0 ,0 4 3 .0 3
2 5 .0 3 6 .1 2 2 5 .0 4 3 .5 0
3 0 .0 3 6 .2 7 3 0 .0 4 3 .8 8
3 5 .0 3 6 .4 2 3 5 .0 4 4 .1 8
4 0 .0 3 6 .5 5 4 0 .0 4 4 .4 5
5 0 . 0 3 6 .7 0 5 0 .0 4 4 .8 4
6 0 , 0 3 6 .7 7 6 0 .0 4 5 .0 6
7 5 .0 3 6 .9 0
1 0 0 .0 3 7 .0 5
1 2 5 .0 3 7 .1 4
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Run Number 161 Run Number 162
ZnO* C o m n e rc ia l  P e l l e t  ZnOi C om m erc ia l P e l l e t
T r u e  I n i t i a l  W eigh t 3 5 .4 3  mg T ru e  I n i t i a l  W eigh t 3 3 .7 0  mg
P a r t i c l e  R ad iu s  0 . 163 cm P a r t i c l e  R a d iu s  0 . 163 cm
Gas F low s (cm®/min) STP Gas F low s (cm3/m in )  STP
Ns  1328 Ns 1143
Hs S 15 Ha S 30
COS 15 COS 30
COa 75 COs 150
CO 77 CO 150
R e a c t i o n  T e m p e ra tu re  434°C R e a c t i o n  T e m p e ra tu re  599°C
R e c o rd e r  T ra c e * R e c o r d e r  T rac e *
lim e (m in i I s i a h t  (ma) Time (m in) W eiah t (ma)
0 . 0 3 5 .5 7 0 . 0 34 .01
0 . 5 3 5 .7 8 0 . 5 3 4 .5 9
1 .0 3 6 .1 0 1 .0 3 5 .0 4
1 .5 3 6 .2 8 1 .5 3 5 .3 4
2 .0 3 6 .4 2 2 .0 3 5 .5 9
2 .5 3 6 .5 6 2 .5 3 5 .7 8
3 .0 3 6 .6 3 3 .0 36 .01
3 .5 3 6 .7 4 3 .5 3 6 .1 8
4 .0 3 6 .8 1 4 . 0 3 6 ,3 6
5 . 0 3 6 .9 3 5 .0 3 6 .5 9
6 .0 3 7 .0 5 6 . 0 3 6 .80
7 .0 3 7 .1 7 7 .0 3 7 .0 3
8 .0 3 7 .2 6 8 .0 3 7 .24
10.0 3 7 .5 0 1 0 .0 3 7 .5 5
12.0 3 7 .6 7 1 2 .0 3 7 .8 2
1 4 .0 3 7 .7 6 1 4 .0 3 8 .0 3
1 6 .0 3 7 .8 8 1 6 .0 3 8 .2 4
20.0 3 8 .0 8 2 0 .0 3 8 .5 4
2 5 .0 3 8 .2 1 2 5 .0 3 8 .7 4
3 0 .0 3 8 .3 4 3 0 .0 3 8 .8 5
3 5 .0 3 8 .4 3 3 5 .0 3 8 .91
4 0 . 0 3 8 .4 8 4 0 .0 39 .01
5 0 .0 3 8 .5 6 5 0 .0 3 9 .1 4
6 0 .0 3 8 .6 4 6 0 .0 3 9 .2 3
7 5 .0 3 8 .7 5 7 5 .0 3 9 .3 3
9 5 .0 3 8 .86 1 0 0 .0 3 9 .5 3
1 2 5 .0 3 9 .5 6
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Run Number 163 
ZnO* C om m erc ia l P e l l e t  
T r u e  I n i t i a l  W eigh t 3 3 .2 5  mg 
P a r t i c l e  R a d iu s  0 .1 6 4  cm 






R e a c t io n  T e m p e ra tu re  378°C 
R e c o rd e r  T ra c e *
Tims, (mini W eight (mq)
0 . 0 3 3 .3 5
0 . 5 3 3 .6 9
1 .0 3 3 .9 2
1 .5 3 4 .0 9
2 .0 3 4 .2 6
2 .5 3 4 .3 9
3 .0 3 4 .4 9
3 .5 3 4 .6 0
4 . 0 3 4 .6 7
5 .0 3 4 .7 2
6 . 0 3 4 .9 3
7 .0 3 6 .0 6
8 .0 3 5 .1 3
1 0 .0 3 5 .2 8
1 2 .0 3 5 .4 4
1 4 .0 3 5 .5 4
1 6 .0 3 5 .6 0
1 8 .0 3 5 .6 8
Run Number 164
ZnO* C om m ercial P e l l e t
T ru e  I n i t i t a l  W eigh t 3 1 .5 1  mg
P a r t i c l e  R a d iu s  0 .1 6 2  cm






R e a c t i o n  T e m p e ra tu re  690°C 
R e c o r d e r  T rac e *
Time (m in) weight (ma)
0 . 0 3 1 .7 5
0 . 5 3 2 .3 6
1 .0 3 2 .9 0
1 .5 3 3 .3 0
2 .0 3 3 .6 4
2 .5 3 3 .9 3
3 .0 3 4 .1 8
3 .5 3 4 .3 9
4 . 0 3 4 .5 9
5 . 0 3 4 .9 3
6 . 0 3 5 .2 4
7 .0 3 5 .4 9
8 .0 3 5 .6 9
1 0 .0 3 6 .0 8
1 2 .0 3 6 .3 7
1 4 .0 3 6 .5 8
1 6 .0 3 6 .7 0
2 0 .0 3 6 .8 5
2 5 .0 3 6 .9 3
3 0 .0 3 6 .9 5
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Run Number 165 
ZnO* C om m erc ia l P e l l e t  
T ru e  I n i t i t a l  W eigh t 3 8 ,0 0  mg 
P a r t i c l e  R a d iu s  0 ,1 7 1  cm 






R e a c t i o n  T e m p e ra tu re  380°C 
R e c o rd e r  T ra c e *
Time (m in i W eidh t (mu)
0 . 0 3 8 .0 6
0 . 5 3 8 .6 3
1 .0 3 9 .0 6
1 .5 3 9 .2 7
2 , 0 3 9 .4 7
2 .5 3 9 .6 3
3 .0 3 9 .7 7
3 .5 3 9 .9 0
4 . 0 4 0 .0 0
5 .0 4 0 .1 7
6 . 0 4 0 .3 1
7 .0 4 0 .4 3
8 .0 4 0 .5 2
1 0 .0 4 0 .6 5
1 2 .0 4 0 .7 0
1 4 .0 4 0 .7 7
1 6 .0 4 0 .7 9
2 0 .0 4 0 .8 6
2 5 .0 4 0 .9 1
3 0 .0 4 0 .9 7
3 5 .0 4 1 .0 4
4 0 .0 4 1 .0 8
5 0 .0 4 1 .1 3
6 0 .0 4 1 .1 4
7 5 .0 4 1 .2 2
9 5 .0 4 1 .2 9
Run Number 166 
ZnO* C om m erc ia l P e l l e t  
T ru e  I n i t i a l  W eigh t 3 1 .1 9  mg 
P a r t i c l e  R ad iu s  0 .1 5 8  cm 




c o 3 150
CO 150
R e a c t i o n  T e m p e ra tu re  437°C
R e c o r d e r  T r a c e  *
Time (m in) W eiqht (mu)
0 . 0 3 1 .2 8
0 . 5 3 1 .9 2
1 .0 3 2 .2 9
1 .5 3 2 .5 0
2 .0 3 2 .7 0
2 .5 3 2 .8 5
3 .0 3 3 .0 0
3 .5 3 3 .1 0
4 . 0 33 .21
5 .0 3 3 .3 9
6 .0 3 3 .5 2
7 .0 3 3 .64
8 .0 3 3 .7 2
1 0 .0 3 3 .8 4
1 2 .0 3 3 .9 0
1 4 .0 3 3 .9 9
1 6 .0 3 4 .0 2
2 0 .0 3 4 .1 0
2 5 .0 3 4 .1 8
3 0 .0 3 4 .2 2
3 5 .0 3 4 .3 0
4 0 .0 3 4 .3 3
5 0 .0 3 4 .4 0
6 0 .0 3 4 .4 8
7 5 .0 3 4 .5 5
9 5 .0 3 4 .0 0
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Run Number 167 
ZnO* C om m erc ia l P e l l e t  
T ru e  I n i t i a l  W eigh t 3 2 .0 1  mg 
P a r t i c l e  R a d iu s  0 ,1 5 8  cm 






R e a c t io n  T e m p e ra tu re  498°C 
R e c o rd e r  T rac e *
T im e in u o ) W eiah t (mu)
0 . 0 3 2 .1 8
0 . 5 3 2 .91
1 .0 3 3 .3 2
1 .5 3 3 .6 2
2 .0 3 3 .8 8
2 .5 3 4 .0 6
3 .0 3 4 .2 3
3 .5 3 4 .4 3
4 . 0 3 4 .5 3
5 .0 3 4 ,8 0
6 .0 3 4 .9 8
7 .0 3 5 .1 3
8 .0 3 5 .2 7
1 0 .0 3 5 .5 4
1 2 .0 3 5 .7 0
1 4 .0 3 5 .8 0
1 6 .0 3 5 .9 0
2 0 .0 3 6 .0 3
2 5 .0 3 6 .1 8
3 0 ,0 3 6 .2 5
3 5 .0 3 6 .3 2
4 0 .0 3 6 .4 0
5 0 .0 3 6 .4 7
6 0 .0 3 6 .5 3
7 5 .0 3 6 .6 0
Run Number 168 
ZnO* C om m erc ia l P e l l e t  
T ru e  I n i t i a l  W eight 4 4 ,3 3  mg 
P a r t i c l e  R a d iu s  0 ,1 7 7  cm 






R e a c t io n  T e m p e ra tu re  375°C
R e c o rd e r  T r a c e  *
Time (m in) W ciqht (mq)
0 .0 4 4 .2 2
0 . 5 4 5 .3 7
1 .0 4 5 .9 6
1 .5 4 6 .3 5
2 .0 4 6 .1 4
2 .5 4 6 .3 7
3 .0 4 7 .0 8
3 .5 4 7 .2 0
4 . 0 4 7 .3 2
5 . 0 4 7 .4 8
6 . 0 4 7 .5 5
7 .0 4 7 .6 2
8 .0 4 7 .6 5
1 0 .0 4 7 .7 2
1 2 .0 4 7 .7 6
1 4 .0 3 7 .8 0
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Run Number 169 
ZnOi C om m ercial P e l l e t  
T ru e  I n i t i a l  W eight 3 8 .0 5  mg 
P a r t i c l e  R ad iu s  0 .1 7 2  cm 








R e a c t i o n  T e m p e ra tu re  4 4 1 °C 
R e c o rd e r  T ra c e *
Time (m in) W eigh t (ma)
0 . 0 3 8 .4 1
0 . 5 3 9 .1 9
1 .0 3 9 .6 0
1 .5 3 9 .8 9
2 .0 4 0 .1 3
2 .5 4 0 .3 3
3 .0 4 0 .4 8
3 .5 4 0 .6 1
4 . 0 4 0 .7 3
5 . 0 4 0 .9 6
6 . 0 4 1 .1 4
7 .0 4 1 .2 8
8 .0 4 1 .3 9
1 0 .0 4 1 .5 9
1 2 .0 4 1 .7 2
1 4 .0 4 1 .8 2
1 6 .0 4 1 .9 0
2 0 .0 4 2 .0 0
2 5 .0 4 2 .1 0
3 0 .0 4 2 .1 8
3 5 .0 4 2 .2 4
4 0 .0 4 2 .2 9
5 0 .0 4 2 .3 9
6 0 .0 4 2 .4 9
7 5 .0 4 2 .5 6
1 0 0 .0 4 2 .6 6
1 2 5 .0 4 2 .7 5
1 5 0 .0 4 2 .8 2
Run Number 170 
ZnOi C om m erc ia l P e l l e t  
T ru e  I n i t i a l  W eigh t 3 7 .81  mg 
P a r t i c l e  R a d iu s  0 .1 6 9  cm 






R e a c t io n  T e m p e ra tu re  509°C 
R e c o r d e r  T ra c e *
Time (m in) W eight (ma)
0 . 0 3 8 ,2 0
0 .5 3 8 .9 8
1 .0 3 9 .3 7
1 .5 3 9 .6 7
2 .0 3 9 .9 0
2 .5 4 0 .1 2
3 .0 4 0 .2 9
3 .5 3 0 .4 6
4 . 0 4 0 .6 1
5 . 0 4 0 .8 6
6 . 0 4 1 .1 0
7 .0 4 1 .2 8
8 .0 4 1 .4 6
1 0 .0 4 1 .7 6
1 2 .0 4 1 .9 9
1 4 .0 4 2 .2 0
1 6 .0 4 2 .4 1
2 0 .0 4 2 .6 4
2 5 .0 4 2 .8 1
3 0 .0 4 2 .9 3
3 5 .0 4 3 .9 4
4 0 .0 4 3 ,1 2
5 0 .0 4 3 .2 7
6 0 .0 4 3 .3 4
7 5 .0 4 3 .4 8
1 0 0 .0 4 3 .6 3
1 2 5 .0 4 3 .7 2
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Run Number 171 Run Number 172
ZnOt C om m ercial P e l l e t ZnOt C om m ercial P e l l e t
T ru e  I n i t i a l  W eigh t 5 0 ,4 2  mg T ru e  I n i t i a l  W eigh t 3 8 .7 0  mg
P a r t i c l e  R a d iu s 0 .1 8 5  cm P a r t i c l e  R a d iu s 0 .1 7 4  cm
Gas Flow s (cm3/m i n )  STP Gas Flow s (cma /m in )  STP
Ns 781 Na 782
Ha S 59 Ha S 60
COS 60 COS 60
C08 300 COa 300
CO 300 CO 300
R e a c t io n  T e m p e ra tu re  607°C R e a c t io n  T e m p e ra tu re  699°C
R e c o rd e r  T rac e * R e c o rd e r  T rac e *
l i m e  . (m in ) W eiah t (ma) Time (m in)
0 . 0 5 0 .5 6 0 . 0 3 8 .7 7
0 . 5 5 1 .4 5 0 . 5 3 9 .9 9
1 .0 5 1 .9 9 1 .0 4 0 ,6 6
1 .5 5 2 .4 2 1 .5 4 1 .1 6
2 .0 5 2 .7 9 2 .0 4 1 .5 7
2 .5 5 3 .1 0 2 .5 4 1 .9 3
3 .0 5 3 .3 7 3 .0 4 2 .2 6
3 .5 5 3 .3 8 3 .5 4 2 .5 3
4 , 0 5 3 ,8 5 4 . 0 4 2 .7 9
5 . 0 5 4 .2 7 5 . 0 4 3 .2 7
6 . 0 5 4 .6 2 6 . 0 4 3 .6 5
7 .0 5 4 .9 2 7 .0 4 3 .9 9
8 .0 5 5 .2 1 8 .0 4 4 .2 8
1 0 .0 5 5 .6 9 1 0 .0 4 4 .7 6
1 2 .0 5 6 .1 1 1 2 .0 4 5 .1 5
1 4 .0 5 6 .4 5 1 4 .0 4 5 .4 6
1 6 .0 5 6 .7 6 1 6 .0 4 5 .6 9
2 0 .0 5 7 .3 0 2 0 .0 4 5 .9 1
2 5 .0 5 7 .8 0 2 5 .0 4 6 .0 0
3 0 ,0 5 8 .1 9
3 5 .0 5 8 .4 4
4 0 .0 5 8 .5 8
5 0 ,0 5 8 .7 8
6 0 . 0 5 8 .8 9
7 5 .0 5 9 .0 0
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Run Number 173 Run Number 174
ZnOi C om m erc ia l P e l l e t  ZnOi C om m erc ia l  P e l l e t
T ru e  I n i t i a l  W eigh t 3 7 .9 2  mg T ru e  I n i t i t a l  W eigh t 4 3 .6 3  mg
P a r t i c l e  R a d iu s  0 .1 6 8  cm P a r t i c l e  R a d iu s  0 .1 7 7  cm
Gas F low s (cm */m in) STP Gas Flow s (cm */m in ) STP
Na 1143 Na 1143
Ha S 60 Ha S 60
Ha 300 Ha 300
R e a c t i o n  T e m p e ra tu re  6 9 6 °C R e a c t i o n  T e m p e r a tu r e  695°C
R e c o r d e r  T r a c e t R e c o rd e r  T r a c e i
Time Im in) W eioh t (mg) Time (m in) W eight (ma)
0 . 0  3 7 .4 7 0 . 0 4 2 .4 9
0 . 5  3 8 .1 7 0 . 5 4 3 .4 1
1 , 0  3 8 .6 8 1 .0 4 4 .0 8
1 .5  3 9 .0 7 1 .5 4 4 .5 3
2 . 0  3 9 .3 9 2 .0 4 4 .9 1
2 . 5  3 9 .7 0 2 .5 4 5 .2 4
3 .0  4 0 .1 3 3 .0 4 5 .5 4
3 .5  4 0 .3 2 3 .5 4 5 .6 9
3 .5  4 0 .3 2 4 . 0 4 6 .0 9
4 . 0  4 0 .5 2 5 .0 4 6 .5 0
6 . 0 4 6 .8 6
7 .0 4 7 .1 9
8 .0 4 7 .4 8
1 0 .0 4 7 .9 5
1 2 .0 4 8 .3 0
1 4 .0 4 8 .6 2
1 6 .0 4 8 .9 1
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Run Number 175
ZnO* C om m erc ia l P e l l e t
T r u e  I n i t i t a l  W eigh t 3 5 .9 1  mg
Run Number 176
ZnO* C om m erc ia l  P e l l e t
T ru e  I n i t i t a l  W eight 4 6 .4 7  mg
P a r t i c l e R a d iu s  0 .1 6 6  cm P a r t i c l e  !R ad iu s  0 .1 7 6  cm
Gas F low s (cm */m in) STP Gas Flows (cm3/m in )  STP
Ns 1322 Na 1319
Ha S 30 Ha S 30
Ha 150 Ha 150
R e a c t i o n  T e m p e ra tu re  795 and
613°C
R e c o r d e r  T ra c e *
l im e -  (m in )  W e ia fr t  (m q)
At t  = -6  m in ,  T e m p e ra tu re  -  795°C
R e a c t i o n  T e m p e ra tu re  609  and
805°C
R e c o r d e r  T ra c e *  
Time (m in) W e ig h t ,  (m a )
At t  -  0 m in , Tem perature = 609°C
. - 0 m in , T e m p e ra tu re  = 613°C 0 . 0 4 5 .9 1
0 . 5 4 6 .3 0
0 . 0 3 4 .1 3 1 .0 4 6 .8 0
0 . 5 3 4 .7 0 1 .5 4 7 .2 0
1 .0 3 5 .2 0 2 .0 4 7 .5 5
1 .5 3 5 ,6 3 2 .5 4 7 .3 2
2 .0 3 6 .0 0 3 .0 4 8 .1 6
2 .5 3 6 ,3 0
3 .0 3 6 ,5 8 At t  = 3 m in , T e m p e r a tu r e  =
3 . 5 3 6 .8 1
4 . 0 3 7 .0 6 3 .5 4 8 .2 4
5 . 0 3 7 .4 6 4 . 0 4 8 .3 6
6 . 0 3 7 .7 9 5 . 0 4 8 .3 6
7 . 0 3 8 .1 0 6 . 0 4 8 .3 2
8 .0 3 8 .3 6
1 0 .0 3 8 .8 1
1 2 .0 3 9 .1 7
1 4 .0 3 9 .4 9
1 6 .0 3 9 .7 3
2 0 .0 4 0 .0 9
2 4 .0 4 0 .2 9
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Run Number 177 
ZnOi C om m erc ia l P e l l e t  
T r u e  I n i t i a l  W eigh t 3 2 .2 2  mg 
P a r t i c l e  R a d iu s  0 .1 6 1  cm 






R e a c t io n  T e m p e ra tu re  814°C 
R e c o rd e r  T ra c e *
Time_._(minl W eight (ma)
0 . 0 3 0 .6 0
0 . 3 3 1 .8 6
0 . 5 3 1 .9 0
0 . 8 3 2 .1 9
1 .0 3 2 .3 6
1 .3 3 2 .4 5
1 .5 3 2 .5 0
1 .8 3 2 .5 4
2 .0 3 2 .5 8
2 . 5 3 2 .6 1
3 .0 3 2 .6 5
3 .5 3 2 .6 8
4 . 0 3 2 .7 1
5 . 0 3 2 .7 5
6 . 0 3 2 .7 8
7 .0 3 2 .8 0
8 .0 3 2 .8 2
1 0 .0 3 2 .8 5
1 2 .0 3 2 .8 9
1 4 .0 3 2 .9 0
1 6 .0 3 2 .9 1
APPENDIX B
ESTIMATION OF SECONDARY PARAMETERS
I n  C h a p t e r  I I I  t h e  m e th o d s  u s e d  t o  e s t i m a t e  p a r a m e t e r s  w h ich  
d i r e c t l y  e n t e r  t h e  m a th e m a t i c a l  m o d e l in g  w ere  d i s c u s s e d .  M ethods 
u s e d  t o  e s t i m a t e  s e c o n d a r y  p a r a m e t e r s ,  w hich  f o r  t h i s  s t u d y  a r e  
d e f i n e d  a s  p a r a m e t e r s  w h ich  do n o t  d i r e c t l y  e n t e r  i n t o  t h e  m a th e m a t i c a l  
m o d e l in g  b u t  a r e  u sed  t o  e s t i m a t e  p a r a m e t e r s  w h ich  d o ,  a r e  g iv e n  b e lo w . 
S e v e r a l  o f  t h e s e  m e th o d s  w ere t a k e n  from  t h e  l i t e r a t u r e  and w here  
p o s s i b l e  t h e  n o m e n c la tu r e  i s  k e p t  c o n s i s t e n t  w i th  t h e  o r i g i n a l  s o u r c e .  
N o m e n c la tu re  u s e d  i n  t h i s  t e x t ,  when d i f f e r e n t ,  i s  g iv e n  i n  p a r e n t h e s i s .
The d i f f u s i o n  c o e f f i c i e n t  f o r  a s i n g l e  g a s  t h r o u g h  a m ix tu r e  o f  n 
com ponen ts  was c a l c u l a t e d  by (1 )*
D = d i f f u s i o n  c o e f f i c i e n t  f o r  a s i n g l e  g a s  t h r o u g h  a m ix tu r e
(Dm i n  t e x t )  
y t  = m ole  f r a c t i o n  o f  d i f f u s i n g  com ponent 
y^ = m ole  f r a c t i o n  o f  com ponent j  
D = b i n a r y  g a s  d i f f u s i o n  c o e f f i c i e n t  f o r  1 and j .
D
U  -  yx )




R eid  and Sherwood ( l )  recoiivnend t h e  Chapm an-Enskog fo r m u la  t o  e s t i m a t e  
t h e  b i n a r y  g a s  d i f f u s i o n  c o e f f i c i e n t s
D




^ i a  = b i n a r y  g a s  d i f f u s i o n  c o e f f i c i e n t ,  c n ^ / s e c  (D^  i n  t e x t )
M = m o l e c u l a r  w e ig h t  o f  com ponen ts  1 and 2
P = t o t a l  p r e s s u r e ,  atm
a  _ = L e n n a r d - J o n e s  f o r c e  c o n s t a n t  l  s
= c o l l i s i o n  i n t e g r a l .
The L e n n a r d - J o n e s  f o r c e  c o n s t a n t  i s  d e f i n e d  a s
w here  and Oa a r e  u n iq u e  f u n c t i o n s  o f  t h e  i n d i v i d u a l  g a s e s  whose 
v a l u e s  may be found  i n  t h e  l i t e r a t u r e  ( l ) .  The c o l l i s i o n  i n t e g r a l  i s  
a f u n c t i o n  o f  t h e  p a r a m e te r  ( k T /e o i a ) 
w here
T = t e m p e r a t u r e ,  °K
(B -3 )
k e  B o l t z m a n n 's  c o n s t a n t  
T = t e m p e r a t u r e ,  °K
( B -4 )
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V a lu e s  o f  (« QA )  *o r  e a ch  g a s  c an  be found  i n  t h e  l i t e r a t u r e  (1 )  
a s  c an  t a b l e s  f o r  t h e  v a l u e  o f  f^>. S in c e  a c o m p u te r  p ro g ram  was 
u t i l i z e d  t o  e s t i m a t e  t h e  d i f f u s i o n  c o e f f i c i e n t  f o r  t h i s  s t u d y ,  a 
c o r r e l a t i o n  d e v e lo p e d  b y  C h en (2 )  was u sed  t o  e s t i m a t e  t h e  c o l l i s i o n  
i n t e g r a l .  T h a t  c o r r e l a t i o n  i s *
The K nudsen d i f f u s i o n  c o e f f i c i e n t  may be e s t i m a t e d  by t h e  r e l a t i o n
w here
Dk = K nudsen d i f f u s i o n  c o e f f i c i e n t ,  cm » /sec  
r e = mean p o re  r a d i u s ,  cm 
T = t e m p e r a t u r e ,  °K 
M = m o l e c u l a r  w e ig h t  o f  g a s .
The mean p o re  r a d i u s  may be e s t i m a t e d  by (3 )






0 = p o r o s i t y  o f  p e l l e t  (e  i n  t e x t )
Sg = s p e c i f i c  s u r f a c e  a r e a  o f  p e l l e t ,  cm*/g (Ag i n  t e x t )
pp =  b u lk  p e l l e t  d e n s i t y ,  g /cm 3 .
S u b s t i t u t i n g  e q u a t i o n  (B -7 )  i n t o  e q u a t i o n  (B -6 )  y i e l d s  t h e  e q u a t i o n  
u s e d  t o  e s t i m a t e  Knudsen d i f f u s i o n
The g a s e o u s  m ass f l u x  was d e te r m in e d  f o r  t h e  n com ponent g a s  
m ix tu r e  by
(Flow)j^ = f lo w  o f  g a s  com ponent i  a t  STP, cm3/m in  
MW^  = m o l e c u l a r  w e ig h t  o f  g a s  com ponent i 
D^ . = d i a m e t e r  o f  r e a c t i o n  t u b e ,  1 .7  cm .
The d e n s i t y  o f  t h e  g a s e s  f lo w in g  t h r o u g h  t h e  r e a c t i o n  tu b e  was 
c a l c u l a t e d  by
(B -8)
A  (F lo w )!  (MW)1 
fr[ ( t t  Dt a / 4 )  22400 C B—9 )
w here




Pg = g a s  d e n s i t y ,  g/cm 3
^ i  = c o n c e n tr a t io n  o f  g a s  component i  -  d e f in e d  by e q u a tio n
( I I I - 1 2 5 ) ,  g m o l e / l .  
MWj = m o le c u l a r  w e ig h t  o f  i .
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The mean h e a t  c a p a c i t y  o f  t h e  g a s  m i x t u r e  was d e t e r m in e d  by
n
MW^  = m o l e c u l a r  w e ig h t  o f  i .
The m o la l  h e a t  c a p a c i t y  was e s t i m a t e d  by  a l e a s t  s q u a r e s  f i t  o f  d a t a  
t a k e n  from  t h e  l i t e r a t u r e  (4 )  t o  a sec o n d  o r d e r  p o ly n o m in a l .
w here
A, B, and C = l e a s t  s q u a r e s  d e te r m in e d  c o n s t a n t s .  V a lu e s  g iv e n  
i n  T a b le  B - I  
T = t e m p e r a t u r e ,  °K.
The v i s c o s i t y  o f  t h e  g a s  m ix tu r e  was c a l c u l a t e d  from  a method b a se d  
on t h e  k i n e t i c  t h e o r y  o f  Chapman and Enskog ( l ) .
n
( B - l l )
w here
Cpm = mean h e a t  c a p a c i t y ,  c a l / g  °K 
y^ = mole f r a c t i o n  o f  com ponent i  
C p i = m o la l  h e a t  c a p a c i t y  o f  com ponent i ,  c a l / g  mole





l l  -  v i s c o s i t y  o f  g a s  m i x t u r e ,  p o i s e  ( p i a  i n  t e x t )  
m y
n = number o f  g a s  com ponen ts  
m  = v i s c o s i t y  o f  com ponent i ,  p o i s e
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TABLE B -I
LEAST SQUARES CONSTANTS FOR EQUATION (B -1 2 )
Gas A
C o n s t a n t  
B X 103 n X o
Ha 7 .1 0 3 -  0 .5 4 4 6 .6 6 8
Na 6 ,2 6 6 1.596 - 0 .4 8 4
COa 6 .4 8 0 10.295 - 3 7 ,7 7 4
CO 6 ,1 1 0 2 .197 - 3 .7 6 2
H,S 6 .4 0 0 5 .381 - 8 .5 3 1
COS 8 .0 5 8 9 ,0 1 4 - 3 4 .4 2 2
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y^ = m ole  f r a c t i o n  o f  com ponent I  
y j  = m o le  f r a c t i o n  o f  com ponent j  
0 ^  = m i x t u r e  v i s c o s i t y  p a r a n e t e r .
T he m ix tu r e  v i s c o s i t y  p a r a m e t e r  was d e te r m in e d  by  W i l k e ' s  e s t i m a t i o n  
m ethod  w hich  was d e r i v e d  from  S u t h e r l a n d ' s  k i n e t i c  t h e o r y  m odel ( l ) .
(B -14 )
w here
= m o l e c u l a r  w e ig h t  o f  com ponent i  
= m o l e c u l a r  w e ig h t  o f  com ponent j  .
The v i s c o s i t y  o f  i n d i v i d u a l  g a s e s  was e s t i m a t e d  by f i t t i n g  d a t a  
found  i n  t h e  l i t e r a t u r e  t o  a l e a s t  s q u a r e s  f i t  o f  t h e  S u t h e r l a n d  e q u a t i o n  
( 5 , 6 ) ,  The S u t h e r l a n d  e q u a t i o n  i s  ( l )
fa T * /*U = J - r r  (B-15)
where
b ,S  = S u t h e r l a n d  c o n s t a n t s .  L e a s t  s q u a r e s  v a l u e s  g iv e n  in  
T a b le  B - I I  
T = t e m p e r a t u r e ,  °K»
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TABLE B -I I
LEAST SQUARES CONSTANTS FOR EQUATION (B -1 5 )
C o n s ta n t
Gas b x S
Ha 7 .0 3 0  1 1 6 .5 2
Na 1 3 .8 5 4  1 0 4 .4 9
C03 1 5 .4 3 3  2 2 5 .7 2
CO 1 3 .6 5 7  9 9 .5 4
Ha S 1 4 .8 9 2  3 0 3 .3 2
COS 1 4 .9 0 9  3 2 4 .7 7
The th e r m a l  c o n d u c t i v i t y  o f  t h e  g a s  m ix tu r e  was e s t i m a t e d  by  t h e  
L in d s a y  and B rom ley  f o r m u l a t i o n  o f  t h e  W a s s i l j e w a  e q u a t i o n  ( 1 ) .  T h i s  
f o r m u l a t i o n  u t i l i z e s  t h e  S u t h e r l a n d  model o f  a g a s  and i s  c o n s i s t e n t  
w i th  t h e  m ethod u se d  t o  e s t i m a t e  g a s  v i s c o s i t y .  The W a s s i l je w a  e q u a t i o n  
i s
n
> - £    <-»>
i = i A,i j ( y j / Y i )
w here
k = th e r m a l  c o n d u c t i v i t y  o f  g a s  m i x t u r e ,  c a l / s e c * c m  °K (k 
m i
in  t e x t )  
n -  number o f  g a s  com ponen ts
= th e rm a l  c o n d u c t i v i t y  o f  com ponent i ,  c a l / s o c * cm*°K 
y^ = mole f r a c t i o n  o f  com ponent i  
y^ = m ole  f r a c t i o n  o f  com ponent j
= a fu n c t io n  d e f in e d  by L in d say  and Brom ley fo r m u la tio n
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= v i s c o s i t y  o f  com ponent i ,  p o i s e  
=  v i s c o s i t y  o f  com ponent j ,  p o i s e  
= m o le c u l a r  w e ig h t  o f  com ponent i  
= m o l e c u l a r  w e ig h t  o f  com ponent j  
= temperature* °K
= S u t h e r l a n d  c o n s t a n t  f o r  com ponent i ,  d e f i n e d  by  e q u a t i o n  
( B - 15)
= S u t h e r l a n d  c o n s t a n t  f o r  com ponent j ,  d e f i n e d  by e q u a t i o n  
(B -1 5 )
The th e r m a l  c o n d u c t i v i t y  o f  i n d i v i d u a l  g a s e s  was e s t i m a t e d  by a 
l e a s t  s q u a r e s  f i t  t o  a f i r s t  o r d e r  e q u a t i o n  a s  recommended by R e id  and 
Sherw ood ( 1 ) .
k =  A +  B T  (B— 18)
w here
k = th e r m a l  c o n d u c t i v i t y ,  c a l / s e c » c m » °K  
T = t e m p e r a t u r e ,  °K 
A,B = l e a s t  s q u a r e s  c o n s t a n t s .  V a lu e s  g iv e n  i n  T a b ic  b I I I .
D a ta  was found  i n  t h e  l i t e r a t u r e  ( 7 , 8 , 9 )  f o r  t h e  t h e r m a l  c o n d u c t i v i t i e s  
o f  a l l  t h e  g a s e s  e x c e p t  c a r b o n y l  s u l f i d e .  The th e r m a l  c o n d u c t i v i t y  
o f  COS was e s t i m a t e d  by  t h e  m ethod o f  M is ic  and T hodos  and th e n  f i t  
t o  t h e  f i r s t  o r d e r  e q u a t i o n  ( B - 1 8 ) ,  The m ethod  o f  N lis ic  and Thodos 





TABLE B - I I I  
LEAST SQUARES CONSTANTS FOR EQUATION ( B - I 8 )
Gas
C o n s t a n t
A x 10* B x 10*
»a 2 6 .6 5 1 7 .2 1 4
n3 3 .4 0 7 1 .2 5 0
COa - 0 .1 7 2 1 .6 5 0
CO 3 .0 9 3 1 .2 5 4
Ha S - 1 .2 2 2 1 .5 7 7
COS - 1 .5 9 6 1 .2 0 1
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— L  = 1 0 -  [ ( 1 9 5  Zc -  3 1 .9 4 )  Tr  +  1 6 .8 3
Cp»A
-  8 2 .5  Z c ] ^ * 5 24- 2 - 80 ZC) (B -1 9 )
t h e r m a l  c o n d u c t i v i t y ,  c a l /c m * s e c * ° K
h e a t  c a p a c i t y ,  c a l / g  mole °K
T ,,1/ 6 M i/» /P ca/ 3
c r i t i c a l  t e m p e r a t u r e ,  378°K
m o l e c u l a r  w e i g h t ,  6 0 .0 7 4
c r i t i c a l  p r e s s u r e ,  65  atm
Pc Vc
c r i t i c a l  Z f a c t o r ,  —  —  
c r i t i c a l  v o lu m e , 134 cm3/ g  mole 
g a s  c o n s t a n t ,  8 2 .0 7  o ^ ,g  mole  
r e d u c e d  t e m p e r a t u r e ,  T /T c 
t  empe r  a t  u r e , °K.
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APPENDIX C
COMPUTER PROGRAMS FOR REACTION MODELS
The c o m p u te r  p ro g ram s  f o r  t h e  r e a c t i o n  m o d e ls  a r e  l i s t e d  b e lo w .  
The u n r e a c t e d  c o r e  m odel was w r i t t e n  s p e c i f i c a l l y  f o r  two r e a c t a n t  
g a s e s  w h i l e  t h e  v o l u m e t r i c  and g r a i n  m ode ls  h av e  p r o v i s i o n s  f o r  one 
o r  tw o r e a c t a n t  g a s e s .  Exam ple i n p u t  d a t a  i s  p r o v i d e d  a t  t h e  end o f  
e a c h  p ro g ram .
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w UNREACTED CORE MODEL—F« TWO REACTIVE GASES





• -DAA2*DKS2/60. *C SO*XV* U.-XY/RADPI/D0EA2I
FCT(XY) - 0ASl«0K$I*FCU<XYItDA$2*DKS2*FCT2(XYI
INPUT
(R(M * RUN NUMBER
EPSP * PARTICLE POROSI TV—FRACTIONAL VOLUME 
RADP * PARTICLE RAOI US--CM 
CSO * BULK SOLID CONCENTRATION—MG MOLE/CC 
BETA * CONSTANT USEO IN THE DETERMINATION OF EFFECTIVE 
OIFFUSIVITY— USUALLY 2.0 
OG * GASEOUS DIFFUSION CONSTANT—COMBINED KNUOSEN AND 
MOLECULAR— (CM**2I/ SEC 
KMA * PASS TRANSFER CONSTANT—CM/S EC 
CAO * BULK REACTIVE GAS CONCENTRATION—MG MOLE/CC 
KS * REACTION RATE CONSTANT—(CM***)/IMG M0LE*M1N)
AA * STOICHIMETRIC COEFFICIENT—GAS PHASE 
AS * STOICHIMETRIC COEFFICIENT— SOLID PHASE 
ITER * MAXIMUM NUMBER OF TIME STEPS 
OTIME * TIME STEP—MIN 
XFINAL * OESIREO FINAL CONVERSION
1 READI5,10) I RUN*EPSP ,RADP *CSO* BETA 
10 FORMAT M$,SX,FI0.4,IOXtF10.4t 10Xv2F10.4J 
IFIIRUN.LE.O) GO TO 998 
WRITEt 6,201
20 FORMAT UHl, 10X* • UNREACTED CORE MODEL*)
WRITE(6,10I IRUN,EPSP,RADP,CSO,BETA 
00  2 $  1* 1 ,2
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REAO (5,301 DGtI ),KMA( I)»CADII)tKS(I)tAAII)*AS til  
WR ITEI 6 , 30) 0G(1),KMA(I) ,CAOU >,KSU >VAA(I> ,AS<I > 
OEAM) -  0G( I>*EP$P**0ETA 
25 CONTINUE
XA01 * CAO(l>
0CA02 * CA0I2J 
0AA1 * A«< II 
0AA2 - AM 21 
OK SI * KSf 11 
0KS2 * KSI2I 
0KMA1 - KHA(l)
0KMA2 * KMAC 2)
D0EA1 * OEAIU 
00EA2 * DE A(21 
DAS1 * AS! U 
0AS2 * ASI2I 
30 FORMAT (AE12•5«4F3«0t
READ (S«AO) 1TERfOTlMEfXFINAL 







WR ITEI 6* AS I
AS FORMAT ( / / / /  6(7X. •TIME«t 3X, "CONVM/I 
50 ISTART-0
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art X » * art ► O
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3S a - H- ► W  ^  • ►* 0* * a- l - o  — (SI
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ooo
90 IF(X8ARCICNT)«LT«XFINALI GO TO 70 
95 WRITE <6,100) (TIME!! I,X8AR(11,1-1,ICNT) 
100 FORMAT (61 5X,F6«2,2X,F5«3) I 
GO TO 1
998 WRITE (6,999)







0 . I4520E*00 0.U361E*02 0.15593E-03 0.45520E*02 
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VOLUMETRIC MODEL—FOR ONE OR TWO REACTIVE GASES
01 MENS ION C( 2» 1011 * CNEMllOll, CTEMPI101I, SIL01I, XdOll,
TX(2*6tt PR0FL1I11«2II» PR0FL2I2*11,211* STIMEI11I, 
SXBARI 111* DGC 21 « 0EA0I2I, BM2», PHII2I *




COMMON /Dll/ CAOI21• KVI2I* CSO
INPUT
I RUN * RUN NUMBER
NREACT * NUMBER OF REACTIVE GAS SPECIES 
EPSO - INITIAL PARTICLE POROSITY 
EPSF * FINAL PARTICLE POROSITY 
RADP * PARTICLE PADI US—CM 
CSO * BULK SOLID CONCENTRATION—MG MOLE/CC 
BETA * CONSTANT USED IN THE DETERMINATION OF EFFECTIVE 
DIFFUSIVITY—USUALLY 2.0 
CG * GASEOUS DIFFUSION CONSTANT— COMBINEO KNUDSEN AND 
MOLECULAR—(CM**2 > / SEC 
KMA * PASS TRANSFER CONSTANT—CM/SEC 
CAO * BULK REACTIVE GAS CONCENTRATION—MG MOLE/CC 
KV * REACTION RATE CONSTANT—ICM**3I/IMG MOLE* MIN I 
AA - STOICHIMETRIC COEFFICIENT—GAS PHASE 
AS * STOICHIMETRIC COEFFIC IENT—SOLI 0 PHASE 
RN * REACTION ORDER—GAS PHASE 
RM * REACTION ORDER—SOLID PHASE
N - NUMBER OF INTERVALS THE SOLID RADIUS WILL BE DIVIOED 
INTO FOR INTEGRATION 
ITEP • MAXIMUM NUMBER OF TIME STEPS 
OTIME * TIME STEP—MIN 
XFINAL • OESIREO FINAL CONVERSION
TOL - FRACTIONAL TOLERANCE FOR CONCLUSION OF ITERATIONS
C AT A SINGLE TINE STEP
C
1 READI5,10) IRUN. NREACT* EPSO. EPSF, RAOP« CSO. BETA 
10 FORHAT (2 IS. 3F10*4, 10X. 2FI0.4)
IF ( IRUN.EQ* 01 GO TO S98 
WRITE (6.151 
15 FORHAT (IHl. 10X, *VOLlMETR!C HOOEL1)
WRITE!6.10) IRUN. NREACT. EPSO. EPSF. RAOP. CSO. BETA 
DO 20 1*1.NREACT
REA0I5.30I 0G(I),KHAfIl.CAOI I).KVlI V.AAI11.ASIIl.RNIII.RN(I) 
WRITE (6, 301 OGin.KNAIII .CAOIII .KVl I) .AA(I) , AS(I).RN(I I.RNIII 
20 CONTINUE
30 FORHAT(4E12. 5.4F3.0. E12.5I




45 FORHAT ( / / / /  6(7X, 4TIHE*» 3X. 4CONV4)/l 
00 50 1*1.NREACT 
OEAOI!) * DG(I)*EPS0**8ETA 
BI(tI * KHA(I)*RADP/DEAO(I)
PH I ( 11 * AADP*SQRT(KVU)/60.*ICA0(t>**(RN(I)-l.))*ICSQ**RH(IU 
/DEAO(II)
50 PH 1211 ) * PHI(I) * PHI (II 
GAHMA * (EPSF-EPSOI/EPSO 
EH I*/FLOATIN I 
H2=H*H











00 60 I*1,NP1 
X(It -  0.
SI M-l.
00 60 I1*1,NREACT 
60 C I I I , I > *  l(FL0ATm-U)/FL0ATIN)l**3.
00 70 II-l,NREACT 
70 Cl 11,1 >*C<II,21
00 90 I I * 1 , NREACT
00 80 1*1,NP1
80 CTEMPI II * C i r i t l l
CALL GASBLNI S,CTEMP,CNEW,RN( 11)«RN|KI),AA(IIIfPHI2(III«BI(IID  
00 90 1*1, NPl
90 Cl II ,11 * CNEHCII 
100 CONTINUE
00 180 IWRITE-1,6
ICNT * ICNT* I
TX11,1 WRITEI-TIME
TX12•IWR1TE t-XBAR
IF IXBAR.LT.XSTEPII GO TO 120
I* 0
IX-IX+X
DO 110 IKEEP*1,NPI,NPRINT 
I- 1*1
PR0FL11IX,I) * XIIKEEPI 
00 110 11*1,NREACT 
110 PR0FL2111,IX,I I * Cl II ,IKEEPI 
XSTEP1-XSTEPU0.10 
SXBARI IX >* XBAR 
ST IMEI IXI*TIME
120 IFINREACT.EQ.il CALL SL0BL1IISTART,$,CNEM,RN(1 ),RM(1IV AAI1I, ASI1I,
PH 1211) ,BI ID , OTHETA)
IFINREACT*EQ.2I CALL SL0BL2II START,S,C,RN,RM,AAtAS*PHI2,B1,0TIMEI 




00 130 1=1,NP1 
IF IS! II.LT.0.0) Sdl - 0.0 
130 Xt II * !• -St II
CALL SIMPS IX, XBAR I 
00 160 II*I,NREACT 
00 140 I-l.NPl 
140 CTEMPIII * Cl 11,11
CALL GASBLNIS,CTEMP,CNEW,RN<II|,RMIII1,AACIIItPHIZiIIIVBI(1111 
00 150 I*1,NP1 
150 Cl II«II - CNEWUI 
160 CONTINUE
IF IXBAR.LT.X STEP2I GO TO 170 
DTIME * 2.*0TIME 
OTHETA * 2,*0THETA 
XSTEP2* 2.*XSTEP2 
ISTART * 0 
170 IFIXBAR.GE.XFINALI GO TO 210 
IF IICNT.GT.ITERI GO TO 195 
180 CONTINUE
NRITE(6*1901 ITXI1 * 11*TX(2 *11 * 1*1*61 
190 FORMAT I 5X,61F6.2•2X.F5.3.5X11 
GO TO 100 
195 WRITE 16,2001 ICNT
200 FORMAT I//10X* * MAXIMUM NUMBER OF ITERATIONS TO REACH XFINAL HAS *, 
•BEEN EXCEEOEO. • /IOX, •PROGRAM WILL OUTPUT REMAINING •* 
•INFORMATION ANO TERMINATE THIS CASE.', /1QX, • ITERATIONS',
• USED * •, 16)
210 IIMWRITE+1
TX11*111 * TIME 
TXI2*III * XBAR
WRITE 16*190) 1TXI1*I),TXI2*I), 1*1,111 
WRITE 16,220)
220 FORMAT I// 6X,*THE SPATIAL PROFILES OF LOCAL FRACTIONAL CONVERSION 
,'N ANO GAS REACTANT*,/8X, 'CONCENTRATION FOR VARIOUS*,
* TINES ANO OVERALL CONVERSION ARE*)
319
DO 240 1-1, IX
WRITE <6*230 I STIME(I), SXBAR(I), (PROFLII1,111* 11*1,111 
230 FORMAT I///8X, • AT TIME * *,F6.1,* MIN ANO FRACTIONAL CONVERSION 
t'N * •« F6.3* //IOX, * THE LOCAL FRACRIONAL CONVERSION *, 
•PROFILE IS •« / I OX, UF9*4)
DO 240 11*1, NREACT 
240 WRITE (6,2501 II, (PR0FL2CII , t , I I I I ,111*1,111
250 FORHAT (/10X,*THE PROFILE FOR GAS REACTANT *, II, • IS*, /10X,
11F9.4I
WRITE (6,2301 TIME, XBAR, <X(I), 1*1,NP1,NPRINTI 
00 260 1*1, NREACT 
260 WRITE (6,250) I, CC(I,III, 11-l,NPl, NPRINT)
GO TO 1
998 WRITE (6,999)




C SUBROUTINE FOR SOLVING SOLID PHASE MATERIAL BALANCE
C — ONE REACTIVE GAS—
C
SUBROUTINE SLOBL1 11 START,Vf C.RN.RM,AA,AS.PHI2,BI,OTHETA)
DIMENSION Yl 1011» C t lO l l .  CTEMPU01I 
COMMON / A l l /  N.NPl.H«H2«T0L*GAMMA
COMMON/Cll/ Kl«K2,K3 *K4,YMlt1 0 1 ) ,YM2(101I.YM3t 1011* F l lO ll .F M lt1011 
.FM21101I
REAL K It 101). K2ILQ1), K3(101), K4U01I 
FCTltXl,X2l * AS * XI **RM *X2 **RN 
DO 5 1*1,NPI 
5 Ft I) * FCT1I Y U I .C I D I  
IF I ISTAfiT.GE.il GO TO 20 
DO 10 1*1,NP1 
TM3(II -  0..
VM2CIJ * 0 .
YMldl * 0 .
FM2t II * 0*
10 FM It I) * 0 .
20 IF(ISTART,GE.3 1 GO TO 100 
DO 30 l*l,NP 1 
30 K l(I)  * Ft 11 
DO 40 1*1, NP1 
40 K2111 * Y(U * 0 ,5  * OTHETA * K l t l l
CALL GASBLN IK2,CffCTEMP,RNtRM,AA,PHI2*BII 
00 50 I* 1, NP 1 
50 K2 111 * FCT1IK2III,CTEMPI III 
00 60 1*1.NPi 
60 K311) * Y(I) ♦ 0 ,5 * 0 THETA •  K2III
CALL GASBLN (K3,C.CTEMP,RN,RM,AA,PHI2,8I)
00 70 1*1,NPI 
70 K3111 * KTltK3tII,CTEM»t! II 
00 80 1*1,NPI 










00 90 I - l t N P l
K 4 I I I  * FC T 1(K 4II»*C T E M PU II  
Y H 3 III  -  YM2(I I 
YM2III  •  YM1111 
Y M l d l  -  Y U  »
YC 11 -  YII I ♦ 0 . 1 6 6 6 6 6 6 6  * OTHETA •  U 1 I I I  ♦ 2 . * K 2 U I  * 2 . * K 3 ( I I  
*K4II  ) )
FM2( I I  * FM1 ( I I  
FH II11  * F i l l  
ISTART * I START ♦ 1 
RE TURN
00 110 I*1»NP1
K l l l l  *  YN3CII ♦ 1 .3 3 3 3 3 3 3  * OTHETA * ( 2 . * F ( I l - F N l I K l + 2 . * F M 2 ( l ) |  
IF 11 START. GT . 3 1 60  TO 130 
00 120 I - 1 . N P 1  
K 4 U I  *  0 .
00 140 1 - 1 , NPI
K 2 I I I  -  K i l l )  ♦ 0 * 9 2 5 6 1 9 8 3  * K 4 I I I
CALL GASBLN (K2.C»CTEMPf RN»RMf AAVP H 1 2 ,B I I
00 ISO 1 = 1 ,NPI
K 3 I I I  « 0 . 1 2 5  * ( 9 . * Y I I I - Y H 2 I I  l * 3 .* D T ) £ T A * I F C T H K 2 I I  l .CTENPI I I I  
♦ 2 . * F I I I - F M 1 C I ) 1 1  
K 4 I I I  *  K3II  I -  K 1 1 I I  
YM3UI * YM2I11 
YM2II) * YM1(II  
YMlt I )  « Y I I )
Y I I )  -  K 3I1 I  -  7 . 4 3 8 0 1 6 E - 0 2  * K 4 I I I  
FH2(11  * F M 1 I I )
FM1( I I  -  F i l l  







SUBROUTINE FOR SOLVING SOLID PHASE MATERIAL BALANCE 
—TWO REACTIVE GASES—
SUBROUTINE SLOBL2 IISTART,YvC*RN«RM»AAtAStPHI2,BIvDTIME>
DIMENSION YtlOU, C(2,101>, Cl 11011, C2I101), CTEMP1I101I, 





COMMON /Oil/ CAOI2)* KVl 21, CSO 
REAL KII101), K2II01), K3I101I, K4I10D, KV
FCTHXYtXll * OASl *DKV1 *CSO**<DRMl-1.0»*DCAOl **DRN1 *XY**DRM1 
*X1**0RN1
FCT2(XY,X2I • 0AS2 *DKV2 *CSO**(DRM2-1.0)*DCA02 **0RM2 *XY**0RM2 
*X2**0RN2
FCTIXYfXl,X2) * FCT11 XY,XI) ♦ FCT2fXV,X2)
DASI - AS(l)
0AS2 * AS( 2)
DKVI * KVl 1)
0KV2 - KVl 2)
DRN1 - RMI II 
0RM2 * RMI 2)
0CA01 * CAO(l)
DCA02 * CAOI 2)
0RN1 - RNI1I 
DRN2 - RNI2I 
00 5 I-UNPl 
Cl 11) * Ctlfl)
C21I) * Cl 2, I)
5 FID * FCTIYII), CHI), C2II1)
IF IISTART*GE*1) GO TO 20 
00 10 1*1,NPI 





10 FHlfll « 0*
20 IFIISTART.GE.3) GO TO 100 
DO 30 I-1»NP|
30 Kl(l) » Fill 
DO AO t-l.NPl 
40 K2II) » VII) * 0.5 • OTIHE * K1III
CALL GAS8LN IK2»Cl*CTEMPI ,RN( 1I«RN (II VAAI1I »PH12U I* BII1M 
CALL GASBLN IK2*C2*CTEMP2,RN(2 ),RM(2I ,AA 121 »PHI2(2) , BX 1211 
DO 50 1*1, NPI 
50 K2II1 - FCTI K2II )* CT6MP1II1, CTENP2U))
DO 60 1=1.NPI 
60 K3III * YII) ♦ 0.5*DTIME * K2IIJ
CALL GASBLN (K3,C1»CTEM>1 .RNI1) .RMIl) .AAtll .PH 12(1 >. BI ID)
CALL GASBLN tK3,C2.CTEM>2,RNI21 .RM12). AA (2 > .PHI2 (2 >» B1(21)
DO 70 1=1.NPI 
70 K3II) * FCT IK3II).CTEMP111)VCTEHP2II)I 
00 80 1*1,NPI 
80 K4III = YIII * DTIHE * K3III
CALL GASBLN IK4.CI,CTEtf> 1,RN(1),RH(l)vAAtlJ ,PH 12111, BIII11 
CALL GASBLN (K4.C2.CTEMP2,RNI2) ,RM(2),AAI2).PHI2I2),BI<2)1 
DO 90 I* l.NP 1
K4 (I) * FCT (K4( DtCTEMPlin *CTEMP2( 111 
YH3II) * YN2II)
VM2I II * YMIII»
YM1I I) * VII I
Yin * YII) ♦ 0.16666666 * DTI ME * (Kllll ♦ 2.*K2II1 ♦ 2.*K3(I)
*K411 11 
FH2II) - FH1II)
90 FMUI) * Fill
ISTART - ISTART » 1
p c  T1IBM
100 00 110 I-1.NP1 «





!F(ISTART*GT.3) GO TO 130 
DO 120 1*1.NPI 
K4I1I * 0.
DO 140 I*1*NP1
K2IO * Kit I I ♦ 0.92 561983 *K4tII
CALL GASBLN (K2,C1*CTE»1*RN( 1IfRNtll ,AA( 11 »PHI2( 11» 81f11}
CALL GASBLN (K2fC2vCTEMP2,RN<2),RH(2)VAA(2I.PH12I2>.BI(2)I 
DO 150 !*l,NPl
K3( 11 -  0 .125 * t9.*Yt II-YM2CI 1*3=*DTINE*tFCTtK2II )«CTEHPlf 11« 
CTE4P2I III ♦ 2 .*FU f-FM U Ill5  
K4 ( 11 * K31I ) -  K i l l  I 
YM3III * YH2UI 
YM2I1) -  YM11IJ 
YHIt I) -  Y t l l
Ytll * K3CI) - 7.4380166*02 * K4III 
FM2( II * FM1U1 
FM111) * F(I)




C SUBROUTINE FOR SOLVING GAS PHASE MATERIAL BALANCE
C
SUBROUTINE GASBLN tY*C*CN£U*RN*RM* AAtPHI2tBU 
COMMON /All/ N«NP1*H*H2*TOL*GANNA 
COMMON /Bli/ BETA
01 MENS ION YI101). CIlOl}* CNEMUOlt* COLOtlOl), 011011, UI101I* 
RHSI10II 
REAL LI101»
ICNT * 0 
00 10 I*1*NP I 
10 CNEM(I) * Cl It 
00 20 I*2*N
DUN * GAMMA * BETA * IYII*1I - YI1-IM/I4. * H2 * II.*GAMMA * 
u .-Y i in n  
LIII - FLOAT!1-2)/(FLOAT 11-1l*H2) * OUM 
20 UII) * FLOATIIl/IFL0AT(I-ll*H2l - OUM 
UCU - 2./H2 
LINPI) - 2./H2 
30 ICNT * ICNT * 1
IFIICNT.GT.2 5I GO TO 990 
00 40 1*1* NP 1 
COLO111 * CNEWItl
OUM * (1. ♦ GAMMA * Il.-YII)I)**BETA
Dili * (RN * AA * PHI2 * YII) ** RM * COLDII) ** (RN-l.il/OUM 
-2./H2
40 RHSIIl * URN-1.1 * AA * PHI2 * YU) ** RM * COLD! It ** RNI/OUN
OUM - ------NPI)/FLOATIN)) * 2./H -  GAMMA * BETA *tY!NPl» -
YIN}) / ( 11. * GAMMA*! I.-YINPIH I*HI 1 * BI/11. * GAMMA * I I .  -  
YINP1IM ** BETA 
01NP1) * OINPl) -  OUM 
PHS4NP1} * RHSINP1) -  OUM 
CALL TRIOAG 11 *NP1*L*0*U«RHS.CNEU»
00 50 I*1*NP 1 




IF (ABStlCNEWd I -  COLOII n/COLOIin.CT.TOLI GO TO 30 
60 CONTINUE 
RETURN 
9 9 0  WRITE ( 6 , 9 9 9 1
999 FORMAT (//IOX,•EXCEEOEO 29 ITERATIONS IN SOLUTION TO GAS BALANCE.* 





u SIMPSON'S RULE INTEGRATION
SUBROUTINE SIMPS IX,XBARI 
COMMON /All/ NtNPltH*H2*TOL,GAMMA 
DIMENSION FI 101) t XU01I 
NCHECK * 4NPl/2)*2 
IFINCHECK.E0.NP1) GO TO 30 
NM1 * N-l 
00 10 I* 1«NP 1 
10 F(U - XII) * 11 (FLOAT II I-1.1 *H)**2. )
XBAR * Fill ♦ A.*F<2) ♦ F(NP1)
DO 20 IX3?NMIt 2 
20 XBAR » XBAR ♦ 2.*F(I> ♦
XBAR * H * XBAR 
RETURN 
30 URITEI6.40)













o SUBROUTINE FOR SOLVING A SYSTEM OF LINEAR SIMULTANEOUS 
EQUATIONS HAVING A TRI DIAGONAL COEFFICIENT MATRIX.
THE EQUATIONS ARE NUMBERED FROM IF THROUGH Lv ANO THEIR 
SUB-DIAGONAL* DIAGONAL* AND SUPER-DIAGONAL COEFFICIENTS 
ARE STORED IN THE ARRAYS A* B« AND C. THE COMPUTED
SUBROUTINE TRIOAGIIF*L*A«B*C*0*Vt
DIMENSION AC 101) *B( 101 ), C C 1011 ,0(10| I ,V<101) *BETA| 101) *GAMMAUOH
 COMPUTE INTERMEDIATE ARRAYS BETA ANO GAMMA............
BETA I IF) * B(IF)
GAMMAI IF)*DIIF)/BETA(IF)
IFP1*IF+l 
00 1 I*1FP 1, L
BETA!I )=BII)-A11)*CfI-1I/8ETAC l-lA
1 GAMMAI I )*101 I)-AII )*GAMMA( 1-1) )/BETA(U 
C
C  COMPUTE FINAL SOLUTION VECTOR V............
VI L)*GAMMAIL)
LAST*L—IF 
DO 2 K-1*LAST 
I* L-K





102 I 0.6655 0.6655 0.1725 0.299E-06
0 *18824E+00 0.143386*02 0.51722E-03 0.201366*04-1  









o GRAIN MODEL— FOR ONE OR TWO REA C TIV E GASES
OIMENSION Ct 2* 101)* CNEWU01>» CTEMPI101I, RllOllt XC101),
TXI2.6I* PRCFL1I11,211, PROFL2(2,U*21l* STIMEC11I. 
SXBAR(ll). DG(21* 0EAPI2I* 61(21, PH!P(2>* PHIG(2I,
AAI2), AS( 2)
REAL KNAI2), KS 
COMMON /AH/ N.NPl»H,H2 
COMMON /Bll/ RAOG, RAOP
COMMON /Oil/ CA0I2I, KS(2), DEAGI2), CSOG
i
INPUT
IRUN * RUN NUMBER
NREACT * NUMBER OF REACTIVE GAS SPECIES 
EPSP * PARTICLE POROSITY—FR ACTIONAL VOLUME
EPSG * GRAIN POROSITY—DETERMINES GRAIN EFFECTIVE 0IFFUSIV1TY 
RAOP * PARTICLE RAOlUS—CM 
RAOG * GRAIN RADIUS—CM
CSO * BULK SOLID CONCENTRATION—MG MOLE/CC 
BETA * CONSTANT USED IN THE DETERMINATION OF EFFECTIVE 
DIFFUSl VITY—USUALLY 2.0 
CG * GASEOUS DIFFUSION CONSTANT—COMBINED KNUDSEN ANO 
MOLECULAR—(CM**21 / SEC 
KMA * MASS TRANSFER CONSTANT—CM/SEC 
CAO * BULK REACTIVE GAS CONCENTRATION—MG MOLE/CC 
KS * REACTION RATE CONSTANT— (CM**4I / (MG MOLE*MINI 
AA * STOICHIMETRIC COEFFICIENT—GAS PHASE 
AS » STOICHIMETRIC COEFFICIENT—SOLID PHASE 
N * NUMBER OF INTERVALS THE SOLID RADIUS HILL BE DIVIOED 
INTO FOR INTEGRATION 
ITER * MAXIMUM NUMBER OF TIME STEPS 
OTIME ■ TIME STEP—MIN 
XFINAL - DESIRED FINAL CONVERSION
I READ!5,10) I RUN. NREACT* EPSP* EPSG* RAOP* RAOG* CSO, BETA
331
10 FORMAT 1215« 3F10.6, E10.3, 2FlO.il 
IF (IRUN.EQ.0) 60 TO 998 
WRITE (6,15)
15 FORMAT I 1H1* 10X, ’GRAIN MODEL*!
WRITE1 6 . 1 0 I IRUN, NREACT, EPSP, EPSG, RAOP, RAOG* CSO, BETA 
00 20 1 * 1 , NREACT




READIS,40) N, I TER, DTI PE,XFINAL 
WRITE!6,401 N,ITER,OTIME,XFINAL 
40 FORMAT 1215,2F10.41 
WRITE (6,45)
45 FORMAT I t t t t  6C7X, * TIME • , 3X, *CONVM/l 
CSOG * CSO/(1.-EPSP1 
DO 50 1*1,NREACT 
OEAP(l) * OGIl)AEPSP**BETA 
OEAG!11 * OG11)*EPSG**BE TA 
8 1 ! I) * KMAtT)*RA0P/DEAPIII 
PHIPdl * RADP*KSIII*CS0/(0EAPII)*60.I 




OTHETA * K S ! I I* C A O (1 1*0TIME/RAOG
NP i»N* 1




XSTEP1 * 0 . 0
X S T E P 2 -0 .5 0
T IM E -0 .
XBAR-O.
332
00 60 I*1,NP 1 
Xt II -  0 .
AC 1 )*i •
00 60 II=1,NREACT 
60 Cl 11,11* (IFLOATI11—1.)/FLOAT(N|)**3.




80 CTEMPCI) * CCII, I)
CALL GASBLNIR,CTEMP,CNEW«AA(11)«PHIGCI1),PH1P(1I),BI(11))
DO 90 1=1,NPI 




TX11,1 NR ITE )*TINE
T X U ,  I WRITE I-XBAR
IF( XBAR.LT.XSTEPII GO TO 120
1*0
I X* I X* 1
00 110 IKEEP*l,NPl,NPRINT 
1* 1*1
PR0FL1(IX,11 * XII KEEP I 
00 110 I1*1,NREACT 
110 PR0FL2 III,IX ,1) * CIII,IKEEPI 
SX6AR1 IX I* XBAR 
ST IMEt IX)*TI HE 
XSTEP1*XSTEP1*0.10 
120 IF(NREACT.EQ.ll CALL SLDBLHI START,R,CNEW,AA|l),AS(l),PHIG(l),
PHIP( 1),BI(1).OTHETA)
IFINREACT.EQ.2) CALL SLDBL2CI START,R,C,AA,AS.PHIG,PHIP,81,OTIME) 
TIME - TIME ♦ DTIME 
00 130 1*1,NPI 
IF <R| II.LT.0.01 RII) -  0.0
333
130 X( II * l.-RII)**3.
CALL SIMPS (X,XBAR)
00  160 I I * 1 , NREACT 
DO 160 I ~ l , N P l  
1 6 0  CTEMPI 11 * C H I , I )
CALL GASBLNIR,CTEMP,CNEW,AA(II>,PHIGCII),PHIPI III,BI<1111 
00 150 1*1,NPI 
150 Cl II,I I * CNEU(t)
160 CONTINUE
IF(XBAR.LT.X STEP2) GO TO 170 
OTINE * 2.*0TIME 
OTHETA * 2.*0THETA 
XSTEP2* 2.*XSTEP2 
ISTART - 0 
170 IF(XBAR.GE.XFINAL) GO TO 210 
IF (ICNT.GT.ITERI GO TO 195 
1B0 CONTINUE
HRITEI6,190) (TX(l,I),TXI2,I), 1*1,6)
190 FORHAT ( 5X,61F6.2,2X,F5.3,5X11 
GO TO 100 
195 HRITE 16,200) ICNT
200 FORHAT I//10X,'MAXIMUM NUMBER OF ITERATIONS TO REACH XFINAL HAS *, 
•BEEN EXCEEDED. • /IOX, 'PROGRAM WILL OUTPUT REMAINING •• 
•INFORMATION ANO TERMINATE THIS CASE.*, /IOX, •ITERATIONS*,
• USED * •, 16)
210 ll*lWRITE*l
TX11,I I) * TIME 
TX<2,11) * XBAR
HRITE (6,190) ITXI1,I),TX|2,I), 1*1,II)
HRITE (6,220)
220 FORMAT ( / /  8X,*THE SPATIAL PROFILES OF LOCAL FRACTIONAL CONVERSIOa 
,*N ANO GAS REACTANT*,/8X, 'CONCENTRATION FOR VARIOUS',
• TIMES AND OVERALL CONVERSION ARE*)
00 260 1*1,IX
WRITE ( 6 , 2 3 0 )  S T I M E ( I ) ,  SX BA R(I) ,  ( PROFLU 1 , 1 1 1 ,  1 1 * 1 , 1 1 1
334
230 FORMAT I///8X* 'AT TIRE * *,F6.l,* MIN AND FRACTIONAL CONVERSIO* 
,*N * *, F6«3 , //IOX, •THE LOCAL FRACRIONAL CONVERSION *, 
•PROFILE IS •• /IOX, IIF9.A)
00 2AO 11*1,NREACT 
2 AO WRITE (6,250) II, (PR0R2( II • I ,1III • 111*1 • 11)
250 FORMAT t/10X,’ TH£ PROFILE FOR GAS REACTANT ' ,  II, • IS*, /10X,
I  I F  9 .  A)
WRITE (6,230) TIME, X6AR, (XU), I*1,NP1 ,NPRINTI 
DO 260 1*1, NREACT 
260 WRITE (6,2501 I, (C(I,II), II*l*NPl,NPRINT)
GO TO 1
990 WRITE (6,999)




C SUBROUTINE FOR SOLVING SOLID PHASE MATERIAL BALANCE
C — ONE R E A C T IV E  GAS—
C
SUBROUTINE SLDBLl 11 START« Y»C« AA»AS*PHIG»PHIP»B I t O T H E T A I  




REAL K II101) « K211011« K3<101)» K41101I 
FCTlt X 1 , X 2 ) * AS+X2/I1.-AA*PHIG*X1*(1«-X1))
0 0  5  1 * 1 , NP1 
5  F I  I )  *  F C T 1 I Y ( I ) » C ( I ) I 
I F  (XSTART.GE.l) GO TO 2 0  
0 0  1 0  I *  I f  NP 1 
Y M 3 I I I  *  0 *
Y M 2 C I )  *  0 .
Y M 1 I I I  *  0 .
F M 2 I I )  *  0 .
1 0  F M 1 I I )  *  0 .
20 IF  11 START*GE *3  I GO TO 100 
DO 3 0  I * 1 # N P 1
3 0  Kill) * F I D
0 0  40 I *  I t  NP 1
40 K21 1) * V I I )  «■ 0*5 * OTHETA * Kill)
CALL GAS3LN I K 2 f C fC T E M P f A A » P H I G « P H I P , B I )
00 50 Is U NP 1 
50 K2 111 * FCTl!K?(IlfCTEMPtI)l 
DO 60 1*1, NP1 
60 K3III * Ytll ♦ 0.5*DTHETA * K2II)
CALL GASBLN |K3tC,CTE*P,A A , P H I G iPHIP,BII 
00 70 1*1,NPl
70 K3II) * FCTlIK3111#CTEMP|I))
DO 80 I* 1, NP 1
80 K4I I) * YID ♦ DTHETA *  K3II)








00 90 I* I* NP 1
K4II9 * FCT1IK4(19 »CTEMPI I 91 
YM 3119 * YM2II9 
YH2II1 * VHllIl 
YH1( I) - VII I
YIII * VC I I ♦ 0.16666666 * OTHETA ♦ IKK It ♦ 2.*K2(II ♦ 2.*K3(II
♦k m  i n
FM2III - FMK19 
FN It I) -  Fill 
ISTART ■ I START ♦ 1 
RE TURN
00 110 1*1»NP1
K1119 * YN31II ♦ 1*3333333 * OTHETA * I2.*FIII—FMlII9+2.4FN2III) 
IF 11 START. GT .3 I GO TO 130 
DO 120 I*1'NP1 
K4II9 * 0.
00 140 I*1*NP1
K2II9 * Kl(I) ♦ 0.92561983 *K4!I9 
CALL GASBLN (K2,C,CTEHP,AA,PHIG,PHIP,BI)
00 150 I*1»NP1
K3119 - ^.125 * I9.4YIII-YH2II 9*3.*0THETA*CFCT1(K2M I.CTENPI 19 9 
♦ 2.*Ft I)-FNUin )
K4II) * K3II9 -  Kill)
YM3II) * VH2III 
YM2II9 * YH1II9 
YN1( I) * YU 9
YIII * K3III -  7.438016E-02 • K4I1I
FN2II9 * FH1III
FM1III » F11 I




SUBROUTINE FOR SOLVING SOLtO PHASE MATERIAL BALANCE 
—TWO REACTIVE GASES--
SUBROUTINE SIDBL2 11 START,Y#C,AA,AS»PHIG,PHIPtBI.DTIMEI 
DIMENSION VCIOU* Ct2,101)» CKIOLI, CZ(lOl). CTEMPlflOlI.
CTEMP21101)« ASC2I* PHIGI2I. BM21, AAC2I. PHIPI2)
COMMON /AH/ N*NPI #H.H2 
COMMON /Bll/ RAOG« RADP
COMMON/CU/ KltK2.K3,K**YMU10ll,YM2(101>.YM3Cl01l,F(10ll.FMU101l 
«FM2(101)
COMMON /Oil/ CA0I2)* KSI2)* 0EAGI2I. CSOG 
REAL K 1 f1011 * K2(10111 K3(101)t KtClOU. KS
FCT1CXY.X1I * 0AS1 *0KS1 ♦DCAOl *Xl/C RA0G-DAA1 *OKSl *RA0G**2.
*CS0G*XY/DDEAG1 *11.-XVII 
FCT2IXY» X2I * 0AS2 *DKS2 *KA02 *X2/(RAOG-OAA2 *DKS2 *RADG**2.
*CS0G*XY/DDEAG2 *11.-XV)I 
FCT(XY#Xl#X21 -  FCTKXY.X1) ♦ FCT2IXY.X2I 
DA SI * ASCII 
DAS2 * ASC2I 
OK SI * KSIU 
0KS2 * KSC 2)
0CA01 * CAOIU 
OC AO2 * CA0I2I 
00EAG1 - OEAGt II * 60.
OOEAG2 - 0EAGI2I * 60,
00 5 I-lfNPL
c i c i i  *  c c w n
C2CII * Cl 2 ,II
Ft II * FCTCYC11« CIt II. C2(111 
IF I ISTART.GE.il GO TO 20 
00 10 I*l»NPl 
YM3CII » 0.
YM2CII » 0.
YM 1C II « 0.
FM2III -  0.
10 FN1MI * 0.
20 IFUSTART.GE.3) GO TO 100 
00 30 1*1,NP1 
30 KIM) - FID 
00 40 I*1,NP1 
40 K2 (I) * YM) ♦ 0.5 * DTI ME * Kl( M
CALL GASBLN (K2,C1,C TEMPI ,AA( 1),PHIGM)«PHIP(1I,BIM))
CALL GASBLN (K2,C2,CTEMP2,AA(2)tPH(G(2l,PHIPf2>,8I12))
00 50 I*1,NP I
50 K2M) * FCTC K2M ), C TEMPI Ml, CTEHP2UI)
00 60 1*1, NP 1
60 K3M) * YM) ♦ 0.5*DTIME * K2| I)
CALL GASBLN (K3.C1 ,C TEMPI, AA( 1), PH IGU) , PHIPt 11, BI ( I) )
CALL GASBLN (K3,C2,CTEMP2, AA(2),PHIG(2)»PHIP(2)V61(2)>
00 70 1*1, NP1 
70 K3(I) - FCT lK3M)tCTEM>lM),CTEMP2MI)
00 60 1*1, NP1 
80 K4M) * YM) ♦ OTINE 4 K3M)
CALL GASBLN (K4,C1VCTEMP1,AAM),PHIGI1),PHIP(1),8IU>)
CALL GASBLN (K4,C2,CTEMP2,AA(2I,PHIG(2),PHIP(2I»BI(2))
00 90 I* 1, NP 1
K4M ) * FCT (K4MI fCTEMPl (I) ,CTEMP2M))
YN3MI * YH2(I)
YN2M)  *  Y M l t M  
VM1M) *  Y M )
Yt 11 * YU I ♦ 0.16666666 * OTIME * (K1MI » 2.*K2M) ♦ 2.*K3(I> 
♦K4U )l 
FM2M) * FM1M)
90 FNM I) * FM )
(START * (START ♦ I 
RETURN 
100 00 110 1*1,NP1
110 KIM) * YM3UI ♦ 1.33 33333 * OTIME ♦ (2.*FM I-FH1M )*2.*FM2< I)) 







KM 11 * 0 .
00 140 I«l,NPl
K2111 -  Kill) * 0*92561983 *K4tII
CALL GASBLN (K2,CI*CTEMP1»AAI 11,PH1G11I»PHIPIlltBI111 I 
CALL GASBLN U2VC2«CTEMP2«AA(21,PHIGt21,PHIP12),BI<211 
00 150 1*1,NP1
K 3 I I 1  -  0 . 1 2 5  * t 9 . * V I I I - Y K 2 f I  1 + 3 . * 0 T IM E * (F C T (K 2 II I ,C T E M P 11 1 1 ,  
C T E M P2III ) ♦ 2 * * F i I I - F M l (1 1 1 1  
K 4 ( U  *  K 3(I  ) -  K i l l  I 
YN3 I I I  * YH2 I I I  
YN2 I I )  * Y H 1 U )
YM II II * Y||>
YIII » K3II) -  7.4380166-02 * KMI)
FM2III * FM1111 
FMII SI * Fill  




C SUBROUTINE FOR SOLVING GAS PHASE NATERIAL BALANCE
C
SUBROUTINE GASBLN (YtC*CNEW»AA vP H I G t P H I P » B U  
COMMON /All/ N « N P I * H ( H2 
COMMON / B I 1 /  RAOG* RAOP
01 MENS ION VI1011, CI101I. CNEWllOlt, 0(1011* UiiOll* RHS(lOl)
REAL L (101)
00 10 1-ltNPl 
IFIYII I.LT.O.O) Y(11*0*0 
10 CNEW(I) * c m  
00 20 I«2*NP1
LI II - FLOAT!I-2)/(FL0ATU-l)*H2)
20 U(I) - FLOAT(II/tF LOATH —1)*H2)
U<1) - 2./H2 
L(NPl) * 2./H2
00 AO I-I.NPl
01 I) * 3**AA*PHIP*RADP*YtI1**2*/(RADG*(1»-AA*PHIG*Y1I>*(1*-Y11)1)1
-  2 . / H 2  
40 RHS(I) * 0.
RHStNPlI * -?«*H*BI*U(NP1I 
O(NPl) * O(NPl) ♦ RHS(NPl)
CALL TRIOAG I1.NP1*L*0*U*RHS*CNEU)
00 50 I*1#NP 1 





u S I M P S O N 'S  RULE INTEGRATION
SUBROUTINE SIMPS (X»XBARI 
COMMON / A l l /  N*NPlt H,H2 
01MENS ION F ( 1011» XI1011 
NCHECK * INP 1/21*2 
IF INCHECK.EQ.NP11 GO TO 30 
NMl -  N-l 
00 10 I* 1#NP 1 
10 F i l l  * XIII * ( IIFLOATII1-1. J*HJ **2.1  
XBAR -  F( l )  ♦ 4.*F (2 I ♦ FCNP11 
DO 20 I*3*NM1,2 
20 XBAR * XBAR ♦ 2.*F(I> ♦ 4 . * F t m >
XBAR *  H *  XBAR 
RETURN 
3 0  W R I T E ( 6 , 4 0 I




SUBROUTINE FOR SOLVING A SYSTEM OF LIN EAR  SIMULTANEOUS 
EQUATIONS HAVING A TRIOIAGONAL C O E F F I C I E N T  MATRIX.
THE EOUATIONS ARE NUMBERED FROM I F  THROUGH L t  AND T H E I R  
S U B -O IA G O N A L » DIAGONAL* AND SUPER-OIAG ONAL C O E F F I C I E N T S  
ARE STORED I N  THE ARRAYS A» B ,  AND C .  THE COMPUTED
SUBROUTINE T R I D A G I I F * L * A « 8 * C * D « V I
DIMENSION A < 1 0 1 ) , B ( 1 0 1 > t C C 1 0 1 1 . 0 1 1 0 1 1 , V ! 1 0 1 1 , B E T A ! 1 0 1 ) .GAMMA( 1 0 1 »





BETA11 )*B!11—AC Il*C!I—II/BETA!I-lI 
GAMMA! I )* (011 >-A(Il*GAMMA! I-l*  l/BETAUl
 COMPUTE F I N A L  SOLUTION VECTOR V...........
VILISGAMMA(LI 
LAST-L-IF 
00 2 K*1#LAST 
I*L—K




1 0 2  I  0 * 6 6 5 5  0 * 0 1 0 0  0 . 1 7 2 5  0 . 2 9 9 E - 0 5
0 * 1 8 8 2 6 E * 0 0  0 * 1 4 3 3 8 6 + 0 2  0 . 5 1 7 2 2 6 - 0 3  0 . 2 1 2 4 1 E - 0 2 - 1  




2 . 0 0 0 0  GPOM 1 0 2  
GPOU 1 0 2  
GPOU 1 0 2
APPENDIX D
EQUILIBRIUM DATA FOR CHEMICAL REACTIONS
The e q u i l i b r iu m  c o n s t a n t s  and h e a t  o f  r e a c t i o n  f o r  th e  r e a c t i o n s  
o f  ZnO w ith  Ha S and COS a re  g iv e n  i n  T a b le  D - I .  E q u i l ib r iu m  c o n s t a n t s  
f o r  th e  r e a c t i o n s  w h ich  may a l t e r  th e  r e a c t a n t  g a s  c o n c e n t r a t i o n  a r e  
g iv e n  i n  T a b le  D - I I ,
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TABLE D-I 
EQUILIBRIUM DATA FOR ZnO REACTIONS
____________________________________ Reaction__________________________________
_______________Q --6)*_______________ ______________(1 -7 )* _______________
T em p era tu re  -AHr E q u il ib r iu m  -AHr E q u ilib r iu m
(°C) ( k c a l /g  m ole) C o n s ta n t ( k c a l /g  m ole) C o n stan t
250 18 .7 5 .7 7 X 107 2 6 .9 1 .17 X 1011
300 18.7 1 .2 0 X 107 2 6 .9 1 .22 X o o
350 18 .7 3 .21 X 10® 2 6 .9 1 .83 X 10*
400 1 8 .7 1 .0 4 X 10® 2 6 .9 3 .64 X 10*
450 18.7 3 .9 7 X 10* 26 .9 9 .0 3 X 107
500 18.7 1 .71 X 10s 2 6 .9 2 .6 8 X 107
550 1 8 .7 8 .1 8 X 10* 2 6 .9 9 .2 5 X 10®
600 18.7 4 .2 5 X 10* 2 7 .0 3 .60 X 10®
650 1 8 .7 2 .37 X 10* 2 7 .0 1.55 X 10*
700 18.7 1 .40 X 10* 2 7 .0 7 .2 8 X 10*
750 1 8 .8 8 .7 2 X 10* 2 7 .0 3 .68 X 10*
800 18 ,8 5 .6 7 X 103 2 7 .0 1 .98 X 10*
850 1 8 .8 3 .8 2 X 103 2 7 .0 1 .13 X 10*
* H»S(g ) + * % )  “* H* ° ( g )  + ZnS(S) ^I_ 6 ^
COS(g) + ZnO(Sj -» COgtg) + ZnS(s) (1 -7 )
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TABLE D -II
EQUILIBRIUM CONSTANTS FOR REACTANT GAS REACTIONS
:°c) ( v - i ) * (v —2) * (V -3)* (V-4) * (V-5) *
250 4 .4 1 X 10-7 2 .2 7 X IO"1 1 .0 0 x IO*8 2 .2 7 X IO1 5 .4 9 X 10“*
300 2 .54 X IO-6 2 .2 8 X IO "1 6 .3 6 x IO-8 2 .5 0 x IO1 2 .1 9 X IO-7
350 1 .11 X 10“B 2 .2 8 X IO"1 3 ,0 0 x 10“* 2 .7 0 X 101 7 .01 X IO-7
400 3 .9 2 X 10~B 2 .2 9 X IO"1 1 .1 2 x 10-3 2 .8 5 X 101 1 .8 9 X 10“*
450 1 .1 7 X 1 0 -* 2 .2 9 X IO '1 3 .4 8 x 10~3 2 .9 7 X 101 4 .4 3 X IO-6
500 3 .04 X 10 -* 2 .2 9 X IO"1 9 .3 0 x IO-3 3 .0 6 X IO1 9 .3 1 X IO"3
550 7 .0 4 X 10"* 2 .2 9 X IO '1 2 .2 0 x 10“a 3 .1 3 X IO1 1 .7 9 X IO’ 8
600 1 .4 9 X 1 0 -3 2 .2 9 X IO "1 4 .7 2 x 10“a 3 .1 7 X IO1 3 .1 8 X 10“s
650 2 .9 0 X i o - 3 2 .2 8 X I O '1 9 .2 8 x 10‘ a 3 .2 0 X IO1 5 .3 3 X 1 0 '8
700 5 .2 9 X i o - 3 2 .2 8 X I O '1 2 .9 4 x IO '1 3 .2 2 X IO1 1 .2 8 X 10“4
750 9 .11 X 1 0 -s 2 .2 8 X IO '1 2 .9 4 x IO-1 3 .2 2 X IO1 1 .2 8 X 10“*
800 1 .4 9 X 10”a 2 .2 8 X IO*2 4 .8 1 x IO"1 3 .2 2 X IO1 1 .86 X 1 0 '*
850 2 .3 4 X 1 0 -3 2 .2 7 X 10-1 7 .5 2 x IO"1 3 .2 1 X IO1 2 .6 2 X 10‘ *
Ha s (g ) * ^ s ( g )  + l / 2  ^ a (g )  
2COS(g j ^ C 0 8 ^gj + c s a (g )
C 0 s ( g )  *  “ ( g )  +  L/ 2  Sa ( g )
C 0 S ( g )  + H a ( g )  i ! H = S ( g )  +  ° ° ( g )  
2 Ha S (g ) + COa (g )  *i HaO(g ) + CS3 (g)
( v - i )  
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